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ABSTRACT 


Thallium  (Tl)  is  a  highly  toxic  metal  that  is  anthropo- 
genically  concentrated  in  the  environment.  Chapter  1  and  2 
review  Tl  toxicity  and  the  quantitative  analysis  of  trace 
levels  of  Tl  in  biologic  materials  by  atomic  absorption 
spectroscopy  (AAS) .  Chapter  3  documents  a  study  designed  to 
evaluate  the  antidotal  efficacy  of  2  compounds  in  the  treat¬ 
ment  of  acute  Tl  toxicity  in  rats.  The  treatment  objective  in 
Tl  poisoning  is  to  enhance  the  metal's  elimination  from  the 
body  without  promoting  redistribution  to  target  organs, 
particularly  the  brain.  The  therapeutic  efficacy  of  many 
heavy-metal  chelators  have  been  investigated  for  Tl  poisoning; 
all  have  some  limiting  feature.  Unithiol  (2 , 3-dimercapto-l- 
propanesulfonic  acid,  DMPS)  and  Prussian  blue  (potassium 
ferric  hexacyanoferrate  (II),  PB) ,  given  alone  and  in  combina¬ 
tion,  were  evaluated  as  antidotes  in  the  treatment  of  acute 
thallotoxicosis  in  male  Sprauge-Dawley  rats.  Animals  were 
poisoned  with  equivalent  doses  of  20  mg  Tl/kg  BW  po  on  day  0, 
using  thallous  sulfate.  On  day  1  (24  h  later),  antidotal 
treatments  began  and  were  continued  through  day  4  as  follows: 
50  mg  PB/)cg  BW  po,  2/d;  5  mg  DMPS/lcg  BW  ip,  6/d  (day  1),  4/d 
(day  2),  2/d  (days  3-4);  or  their  combination.  Animals  were 
sacrificed  by  ip  injection  of  sodium  phenobarbital  24  h  after 
the  last  antidotal  treatment  (day  5)  and  tissue  samples 
collected.  Thallium  concentrations  in  kidney,  liver,  heart, 
brain,  whole  blood  and  feces  were  determined  by  electrothermal 


atomic  absorption  spectroscopy.  The  relative  accumulation  of 
T1  in  organs  was  kidney»heart>liver»brain.  PB  induced 
significant  decorporation  of  T1  from  all  tissues.  DMPS  failed 
to  significantly  decrease  the  T1  content  in  any  organ,  but 
significantly  decreased  the  Tl  content  in  whole  blood, 
PB+DMPS  treatment  significantly  decreased  the  Tl  content  in 
all  organs,  but  to  no  greater  extent  than  PB  alone.  PB  and 
PB+DMPS  treatments  significantly  increased  the  Tl  content  of 
feces,  whereas  DMPS  treatment  alone  produced  little  effect. 
This  study  indicates  that  PB  is  a  beneficial  antidote  in  the 
treatment  of  acute  thallotoxicosis  in  rats.  The  failure  of 
DMPS  to  significantly  decrease  the  Tl  content  in  4  target 
organs  suggests  it  would  not  be  useful  in  the  treatment  of  Tl 
poisoning. 
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INTRODDCTICMI 


Thallium  is  a  highly  toxic  metal  normally  present  at 
trace  levels  in  the  environment  except  when  concentrated  by 
human  activities.  Chapter  1  explores  the  problem  of  T1 
poisoning  in  animals  and  humans.  The  chemistry  relevant  to  Tl 
toxicity  is  presented.  The  metal's  occurrence  and  distribu¬ 
tion  and  its  production  and  uses  are  briefly  introduced, 
followed  by  a  discussion  of  its  absorption,  distribution  and 
excretion  in  mammals.  The  molecular  basis  of  Tl  toxicity  is 
reviewed  to  provide  a  biochemical  and  physiological  basis  for 
understanding  the  clinical  manifestations  of  Tl  poisoning.  A 
review  of  the  metal's  clinical  toxicology  follows,  with 
enphasis  placed  on  the  major  effects  caused  by  acute  Tl 
tox.icity.  Thallotoxicosis  often  is  a  diagnostic  challenge; 
clinical  clues  and  laboratory  tests  useful  in  diagnosis  of  Tl 
poisoning  are  presented.  The  management  of  thallotoxicosis  is 
discussed  and  treatment  options  and  considerations  are 
presented. 

The  analytical  challenge  in  toxic-metal  antidote  studies 
is  the  accurate  quantification  of  trace  levels  of  the  offend¬ 
ing  metal  in  complex  biologic  matrices  (ie,  organs,  blood, 
feces,  etc) .  Atomic  absorption  spectroscopy  (AAS)  fills  this 
need.  Since  its  introduction  by  Walsh  ..'.ore  that  30  years  ago, 
AAS  has  matured  to  become  the  dominant  analytical  method  for 
trace  level  metal  analysis  in  the  clinical  laboratory. 

viii 


Chapter  2  discusses  the  basic  principles  and  instrumentation 
of  AAS.  Sample  preparation  techniques  are  discussed;  destruc¬ 
tion  of  organic  matter  and  liquid-liquid  separations  are 
emphasized.  The  application  of  flame  and  graphite  furnace 
(electrothermal)  AAS  to  the  determination  of  T1  in  biologic 
materials  is  reviewed. 

Chapter  3  details  my  research  project,  which  involved  the 
evaluation  of  the  antidotal  efficacy  of  2  compounds  in  the 
treatment  of  acute  T1  toxicity  in  rats.  The  treatment 
objective  in  Tl  poisoning  is  to  enhance  the  metal's  elimina¬ 
tion  from  the  body  without  promoting  redistribution  to  target 
organs,  particularly  the  brain.  To  this  end,  the  therapeutic 
efficacy  of  different  metal  chelators  has  been  investigated  in 
the  atterrpt  to  find  an  effective  antidote  for  thallotoxicosis . 
To  date,  no  chelator  has  proven  to  be  totally  satisfactory. 

A  metal  chelator.  Uni thiol  (2 , 3-dimercapto-l -propane- 
sulfonic  acid,  DMPS) ,  and  an  inorganic  dye,  prussian  blue 
(potassium  ferric  hexacyanoferrate (II) ,  PB) ,  given  alone  and 
in  combination,  were  evaluated  as  antidotes  in  the  treatment 
of  acute  thallotoxicosis  in  male  Sprauge-Dawley  rats. 
Thallium  concentrations  in  kidney,  liver,  heart,  whole  blood 
and  feces  were  determined  by  electrothermal  AAS.  This  study 
indicates  that  PB  is  a  beneficial  antidote  in  the  treatment  of 
acute  thallotoxicosis  in  rats.  The  failure  of  DMPS  to 
significantly  decrease  the  Tl  content  in  4  target  organs 


suggests  it  would  not  be  useful  in  the  treatment  of  thallo- 
toxicsosis . 
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CHAPTER  1 


A  REVIEW  OF  THALLIUM  TOXICITY 


JP  Mulkey  and  FW  Oehme 
Comparative  Toxicology  Laboratories 
Kansas  State  University 
Manhattan,  KS  66506 
(913)  532-4334 


(Vet  Hum  Toxicol,  in  press) 
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ABSTRACT 


Thallium  (Tl)  is  one  of  the  most  toxic  of  the  heavy 
metals.  Its  continued  use  as  a  rodenticide  in  many  developing 
countries  and  its  increasing  use  in  an  expanding  number  of  new 
technologies  raise  concerns  about  exposure  risk  to  animals  and 
humans.  Because  Tl  and  potassium  (K)  have  the  same  charge  and 
similar  ionic  radii,  Tl  follows  K  distribution  patnways  and 
alters  a  number  of  K-dependent  processes.  Possible  toxic 
mechanisms  of  Tl  include  ligand  formation  with  protein 
sulfhydryl  groups,  inhibition  of  cellular  respiration, 
interaction  with  riboflavin  and  riboflavin-based  cofactors, 
and  disruption  of  calcixim  homeostasis .  The  principal  clinical 
features  of  thallotoxicosis  are  gastroenteritis,  peripheral 
neuropathy  of  unknown  etiology,  and  alopecia.  The  presence  of 
elevated  Tl  levels  in  the  urine  or  other  biologic  materials 
confirms  the  diagnosis  of  Tl  poisoning.  Treatment  with 
Prussian  blue  (or  activated  charcoal)  will  interrupt  the 
enterohepatic  cycling  of  Tl,  thus  enhancing  fecal  elimination 
of  the  metal.  Forced  diuresis  with  potassium  loading  will 
increase  the  renal  clearance  of  Tl,  but  should  be  used 
cautiously  because  neurologic  and  cardiovascular  synptom  may 
be  exacerbated.  If  recognized  and  treated  early,  Tl  poisoning 
carries  a  favorable  prognosis  for  full  recovery. 
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blue;  ferric  hexacyanoferrate(II) ;  neuropathy;  alopecia. 


3 


The  toxicity  of  thallium  (Tl)  has  been  known  almost  since 
its  discovery  by  Crookes  in  1861.  While  spectroscopically 
examining  the  flue  dust  from  a  sulfuric  acid  production  plant 
for  tellurium,  he  noted  an  unexpected  bright  green  line  in  the 
emission  spectrum.  Crookes  attributed  the  line  to  a  new 
element  which  he  named  •thalliiom",  from  the  Latin  thallos, 
meaning  young  twig  or  shoot  (1).  The  following  year,  Lamy,  a 
contemporary  of  Crookes,  experienced  lassitude  and  weakness 
while  working  to  isolate  the  metal.  Suspecting  Tl  to  be 
toxic,  he  gave  thallium  sulfate  (TI2SO4)  to  dogs,  ducks  and 
hens,  all  of  whom  died  within  a  few  days  (2)  .  Today  Tl  is 
recognized  as  one  of  the  most  toxic  of  the  heavy  metals  (LD50 
8-12  mg/kg,  man;  LD50  30  mg/kg,  rats)  (3,4)  .  The  lethality  of 
Tl  salts  are  listed  in  Table  1. 

CHEMISTRY 

Freshly-prepared  Tl  has  metallic  luster  that  soon 
develops  a  bluish-grey  tinge  when  exposed  to  air,  the  result 
of  oxide  build-up  on  its  exposed  surface.  In  the  presence  of 
water,  the  hydroxide  is  formed.  Metallic  Tl  is  soft  and 
malleable,  similar  to  lead  in  both  appearance  and  physical 
properties.  Some  of  the  element's  physical  constants  are 
listed  in  Table  2 . 

Thallium  is  located  between  mercury  and  lead  in  the 
periodic  table  and  is  classified  along  with  boron  (non-metal) , 
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aliiitiinum,  gallium,  and  indium  as  a  Group  IIIA  element .  The 
metals  of  this  group  are  electropositive;  as  their  atomic 
weights  increase,  so  does  their  basic  character.  The  monova¬ 
lent  T1  cation  (Tl*)  is  considered  a  soft  acid  (as  are  cadmitim 
[Cd^*]  ,  methylmercury  [CHjHg*]  and  [Hg^*]).  Under  the  Pearson 
classification  of  hard  and  soft  acids  and  bases,  hard  metals 
favor  interactions  with  hard  bases,  and  soft  metals  favor 
interactions  with  soft  bases  (5)  .  Since  Tl*  is  considered  to 
be  a  soft  acid,  it  tends  to  form  stable  conplexes  with  soft 
ligand  donors  such  as  sulfur-containing  compounds  (6) . 

Salts  of  the  Group  IIIA  metals  are  water  soluble,  but 
readily  hydrolyze  at  pHk7  to  form  insoluble  hydroxides,  except 
for  Tl  salts  (7)  .  Indeed,  the  high  solubility  of  Tl  salts 
(ie,  Tl  sulfate,  nitrate  and  acetate)  is  an  inportant  physical 
property  contributing  to  their  marked  toxicity  in  animals  and 
humans . 

The  electron  configuration  of  Tl  is  [Xe]  4f^‘5d^°6s^6p.  Its 
s  electrons  show  a  low  propensity  to  be  released  or  covalently 
bound,  so  the  metal  occurs  predominantly  in  the  monovalent 
form.  The  oxidation  potential  of  the  reaction  Tl*  +  2e'  -> 
Tl^*  is  +1.25  V;  for  Tl*  +  e'  T^  it  is  -0.34  V  (8). 

Thalliiim  and  the  alkali  metals  (potassium  [K]  and  cesium) 
possess  similar  ionic  radii  and  electronegativity  constants . 
These  properties  and  its  position  in  the  periodic  table  give 
Tl  a  distinct  chalcophilic  and,  occasionally,  siderophilic 
character. 
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Inorganic  Tl{I)  coinpounds  are  more  stable  than  the 
Tldll)  analogues  in  aqueous  solution  at  neutral  pH.  In 
contrast,  covalent  organothallium  compounds  are  stable  only  in 
the  trivalent  form.  Tl^*,  but  not  Tl*,  can  be  methylated  by 
methyl -vitamin  (9)  .  The  chemistry  of  Tl  (1)  and  the  Group 
IIIA  metals  (10,11)  has  been  reviewed. 

OCCURRENCE  AND  DISTRIBUTION 

Thallium  is  distributed  widely,  but  it  is  generally 
present  in  very  low  concentration.  The  crustal  abundance  of 
Tl  is  0.3  ppm,  with  higher  levels  found  in  granite,  shale  and 
manganese  nodules.  It  has  also  been  detected  in  volcanic 
rocks,  meteorites  and  xn  plants.  Since  Tl  and  potassium 
possess  similar  ionic  radii,  Tl  is  concentrated  in  magmatic 
potassium  minerals  such  as  feldspars  and  micas.  The  few  Tl 
minerals  that  exist  contain  between  16%  and  60%  Tl  and  are 
quite  rare:  Crooksite  (Cu,Tl,Ag)2Se;  lorandite  TlAsS,;  hutch- 
insonite  (Tl,  Ag)2S.PbS.2AS2S3;  and  vrbaite  TI2S3  (As,  Sb) 2S3  (1)  . 
Natural  Tl  concentrations  in  seawater  and  freshwater  are 
estimated  to  be  <0.03  ppb  (3).  Thallium  levels  in  normal 
humans  and  animals  are  <1  ppb  in  blood  and  urine  and  <10  ppb 
in  tissues  (4,12) . 
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PRODUCTION  AND  USES 


Thallixxm  is  found  in  pyrites  used  to  make  sulfuric  acid; 
the  HjSO^  production  process  generates  waste  residue  that 
yields  commercially  recoverable  levels  of  the  element. 
Thallium  is  concentrated  in  iron,  lead,  cadmium  and  copper 
smelters  as  flue  dust  which  is  further  processed  to  recover 
commercial  quantities  of  the  metal.  Annual  worldwide  T1 
production  is  only  ~5  tons  (13) ;  recent  US  production  is 
estimated  to  be  1500  lbs  (682  kg) .  Thallium  is  also  rcle?  ed 
to  the  environment  by  cement  plant  emissions  and  through 
agricultural  use  of  phosphate  fertilizer  (14) . 

A  small  amount  of  T1  is  used  in  alloys  (anticorrosive) , 
optical  lenses  (increases  refractive  index) ,  low- temperature 
thermometers,  dye  and  pigments  (artist  paints) ,  semiconduc¬ 
tors,  superconducting  ceramics  and  films,  fiber  optic  cables, 
vapor  lamps,  scintillation  counters,  portable  radiation  (y 
ray)  detection  devices,  and  in  organic  chemistry  (catalyst) 
(8,15,16) . 

Mining  and  smelting,  together  with  sulfuric  acid  pro¬ 
duction  and  coal-burning  power  plants,  are  the  major  iatro¬ 
genic  sources  of  T1  in  the  environment  (17,18).  Major  non¬ 
point  sources  are  auto  emissions  (urban)  and  phosphate 
fertilizer  (rural) ,  but  their  contribution  to  the  total 
environmental  burden  of  the  metal  has  not  been  fully  assessed. 
Th i  use  of  T1  in  these  commercial  applications  gives  rise  to 
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concerns  about  occupational  exposure  and  environmental 
pollution  (19) . 

Thallium  sulfate  (TljSO*) ,  an  odorless  and  tasteless 
confound,  was  once  used  in  the  US  as  an  insecticide/roden- 
ticide,  but  was  restricted  in  1975  as  a  consequence  of  several 
highly  publicized  accidental,  criminal  and  suicidal  poisonings 
(2,20).  Many  developed  countries  have  banned  or  strictly 
controlled  its  use  for  this  purpose  (21),  yet  poisonings  still 
too  frequently  occur.  Its  uncontrolled  use  in  developing 
countries  has  resulted  in  a  number  of  accidental  human  and 
animal  poisonings  (22-24) . 

Thallium  was  once  used  to  treat  syphilis,  gonorrhea, 
tuberculosis,  ringworm  infestation  of  the  scalp,  and  as  a 
cosmetic  epilant.  Safer  and  more  efficacious  drugs  long  ago 
replaced  T1  in  the  treatment  of  these  conditions.  The  only 
medical  use  of  T1  today  is  as  a  radioactive  contrast  agent 
(ZoiTi)  tQ  image  tumors  and  to  visualize  the  heart  in  nyocar- 
dial  function  tests  (25,26). 

ABSORPTION,  DISTRIBUTION  AND  EXCRETION 


After  rapid  and  complete  absorption  from  the  respiratory 
or  gastrointestinal  (GI)  tract  or  s)cin,  water-soluble  T1  salts 
are  widely  distributed  to  organs  and  tissues,  including  the 
brain,  heart,  )cidney,  skeletal  muscle  and  testis,  the  princi¬ 
pal  targets  of  T1  toxicity  (27).  Since  Tl*  (1.50  A)  and  K* 
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(1.38  A)  are  univalent  ions  with  similar  ionic  radii,  Tl* 
interferes  with  K*-dependent  processes  and  mimics  K*  in  its 
movement  and  intracellular  accumulation  in  mammals  (28) .  The 
thallivim  cation  is  less  rapidly  released  than  the  potassium 
cation  (K*)  once  it  moves  into  the  cell.  Because  of  its  large 
distribution  volume  and  low  free  plasma  concentration,  renal 
excretion  of  Tl  is  slow  and  it  may  be  detected  for  months 
after  exposure  in  untreated  persons.  In  mammals,  its  body 
clearance  is  exponential  with  an  estimated  half-life  of  4  d 
(29)  .  The  kidneys  filter  Tl  into  the  urine,  the  salivary 
glands  and  liver  concentrate  Tl  in  their  secretions,  and  the 
intestinal  mucosal  cells  actively  transport  Tl  into  the  lumen 
of  the  GI  tract,  where  it  can  be  reabsorbed  (enterohepatic 
circulation)  or  eliminated  in  the  feces  (30,31)  .  In  mammals, 
Tl  excretion  via  the  GI  tract  is  twice  that  of  the  kidneys. 
A  small  amount  of  the  metal  is  taken  up  and  excreted  in  hair; 
its  presence  near  the  roots  can  be  seen  microscopically  within 
3-4  d  of  intoxication.  Thallium  has  been  detected  in  the  milk 
of  poisoned  female  rats,  mice,  guinea  pigs  and  humans,  and  a 
significant  fraction  of  free  plasma  Tl  crosses  the  placenta 
barrier  (32)  .  Some  of  the  metal  is  retained  in  bone  and  other 
tissues.  (Tl  levels  increase  with  time  in  chronic  exposure)  , 
which  suggests  incomplete  homeostatic  regulation  of  the  metal 
in  the  body  and  accounts  for  its  cumulative  toxicity. 


9 


MOLECULAR  BASIS  OF  THALLIUM  TOXICITY 


The  toxic  effects  of  Tl  have  been  demonstrated  in  a  wide 
variety  of  biological  systems,  from  yeast  and  bacteria  to 
plants  and  animals  (33-35)  .  Thalliiam  toxicity  has  been 
studied  extensively  in  rats,  mice,  guinea  pigs,  rabbits,  dogs, 
cats  and  humans  (36-42)  .  In  conparing  the  relative  toxicity 
of  heavy  metals,  Zit)co  (43)  states  only  methylmercury  is  more 
toxic  than  Tl.  Lucky  and  Venugopal  (7)  classify  Tl  as  the 
most  toxic  cumulative  metal  cation.  Considerable  effort  has 
been  devoted  to  better  understanding  Tl  toxicity  at  the 
molecular  level .  The  various  mechanisms  proposed  to  account 
for  the  metal's  Tl  toxicity  are  discussed  below.  While  many 
of  these  are  tenable  based  on  in  vitro  studies  or  circumstan¬ 
tial  evidence,  the  precise  biochemical  mechanisms  underlying 
the  clinical  manifestations  of  thallotoxicosis  are  yet  to  be 
proven . 

Alteration  of  K-Dependent  Processes 

Thallium's  ability  to  interfere  with  a  variety  of  K*- 
dependent  processes  is  thought  to  play  a  significant  role  in 
its  toxicity.  The  chemical  similarities  between  Tl*  and  K* 
explain,  in  large  part,  the  similar  movements  exhibited  by 
these  2  ions  in  cells  and  tissues.  Gehring  and  Hairanond  (28) 
were  among  the  first  to  propose  that  Tl*  and  K*  have  common 
cellular  targets  and  receptor  sites  associated  with  biological 
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activity  and  toxicity.  Various  K*-dependent  proteins  are  known 
to  posses  a  higher  affinity  for  Tl*  than  for  K""  (44,45)  .  Since 
Tl*  alters  the  activity  of  these  enzymes  and  membrane  trans¬ 
port  proteins  in  vitro,  they  are  possible  sites  of  Tl  toxicity 
in  vivo. 

Several  studies  have  explored  various  Tl -protein  inter¬ 
actions.  Yeast  aldehyde  dehydrogenase  (YADH)  is  a  critical 
enzyme  in  fermentation  that  catalyzes  the  NADH-mediated 
reduction  of  acetaldehyde  to  ethanol.  At  low  concentrations, 
Tl*  replaces  K*  in  the  activation  of  YADH,  but  at  high  levels 
(>  1.0  mM)  Tl*  inhibits  it  (46). 

Pyruvate  kinase  (PK)  is  a  Mg^* -dependent  glycolytic  enzyme 
that  catalyzes  the  transfer  of  a  phosphate  group  from  phospho- 
enolpyruvate  to  ADP  yielding  pyruvate  and  ATP.  It  requires  K* 
to  attain  maximum  activity.  Kaye  (47)  demonstrated  that  PK 
has  50  times  greater  affinity  for  Tl*  than  K*,  and  that  PK  is 
strongly  inhibited  by  Tl*  at  higher  concentrations,  possibly 
due  to  the  formation  a  T1*-ADP  complex. 

Na*-K*  ATPase  is  responsible  for  the  active  transport  of 
monovalent  cations  across  plasma  and  organelle  membranes. 
This  electrogenic  antiport  is  critical  for  osmotic  regulation 
by  cells,  the  generation  of  the  electrochemical  potential 
gradient  responsible  for  the  electrical  excitability  of  nerve 
cells,  and  in  providing  free  energy  (ATP)  for  the  active 
transport  of  metabolites  (glucose  and  amino  acids)  into  some 
cells.  At  low  levels,  Tl*  has  been  shown  to  replace  K*  in  the 
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activation  of  Na’-K’  ATPase  and  to  bind  the  protein  with  10- 
fold  higher  affinity  than  K*  (28,45).  However,  at  high 
concentrations,  Tl^  conpetitively  inhibits  Na’-K*  ATPase  (48) . 

Mitochondria  have  an  abundance  of  Na*-K*  ATPase  and  are 
particularly  susceptible  to  the  effects  of  T1  (49)  .  Mito¬ 
chondrial  swelling  and  vacuolization  are  common  electron- 
microscopic  findings  in  Tl -poisoned  neurons  (50) .  Moreover, 
T1  coitpromises  mitochondrial  energy  production  by  inhibiting 
pyruvate  dehydrogenase  conplex  (PDC)  and  succinate  dehydro¬ 
genase  (SDH)  (51)  .  Thus  the  metal  cation  bioc)cs  the  catabolism 
of  carbohydrates  and  the  entry  of  electrons  into  the  electron 
transport  chain,  thereby  decreasing  ATP  generation  via 
oxidative  phosphorylation  (52)  .  The  presence  of  )cetones 
(acetone,  acetoacetate  and  P-hydroxybutyrate)  in  the  urine  and 
the  clinical  finding  of  metabolic  acidosis  in  thallotoxicosis 
is  a  consequence  of  Tl's  inhibition  of  PDC,  SDH  and  other 
enzymes  critical  for  normal  carbohydrate  metabolism. 

Thallium  may  also  disrupt  normal  cell  metabolism  by 
stimulating  enzymes.  At  low  levels,  Tl*  activates  other  K*- 
dependent  enzymes,  such  as  phosphatase,  homoserine  dehydro¬ 
genase,  vitamin  Bij-dependent  diol  dehydrogenase,  L- threonine 
dehydratase,  and  AMP  deaminase  (34,43). 

Thallliui-Sulftaydxyl  Group  Interactions 

Thallium's  chalcophilic  character  may  contribute  to  its 
observed  toxicity  in  animals  and  humans.  Thallium  has  a  high 
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affinity  for  natural  ligands  that  contain  sulfhydryl  (-SH) 
groups.  These  groups  are  structurally  inportant  in  several 
classes  of  enzymes,  such  as  hydrolases,  oxidoreductases  and 
transferases  (ie  flavoenzymes,  pyridoxal  phosphate-dependent 
enzymes  and  thiol  proteases)  .  They  are  functionally  irr^jortant 
constituents  of  cofactors  involved  in  many  enzyme-catalyzed 
reactions.  For  exaii5)le,  PDC  and  SDH  both  have  dithiol- 
containing  lipoamide  prosthetic  groups  that  function  in 
transacetylation  of  metabolices  in  their  enzyme  con^jlexes. 
Thallium-mediated  sulfhydryl  inactivation  may  play  an  inpor- 
tant  role  in  the  overall  toxicity  seen  in  thallotoxicosis . 

Thallium's  affinity  for  -SH  groups  explains  some  of  the 
clinical  effects  seen  in  T1  poisoning.  Keratin  is  the 
structural  protein  of  hair,  horn,  nail  and  feathers.  Two  of 
keratin's  inportant  physical  properties,  insolubility  and 
resistance  to  stretching,  are  attributable  to  its  large  number 
of  cysteine  residues  (53).  These  residues  cross-link,  forming 
disulfide  bonds  between  adjacent  polypeptide  chains.  Thallium 
blocks  formation  of  the  disulfide  bonds  in  keratin,  which  is 
manifested  clinically  by  alopecia  and  anomalies  in  nail  growth 
(Mee's  lines)  (54,55). 

Other  Mechanlsas  of  Action 

Thallium  has  been  shown  to  adversely  affect  protein 
synthesis.  Mammalian  ribosomes  are  strictly  dependent  on  K* 
and  Mg^*  for  normal  interaction  between  ribosomal  subunits. 
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Tl*  can  replace  K*  causing  progressive  destabilization  and 
irreversible  damage  to  ribosomes,  the  60S  subunit  being 
particularly  affected  (56) . 

Thallium- induced  changes  at  the  molecular  level  produce 
alterations  in  normal  physiologic  processes.  Muscle  fiber 
membranes  cannot  distinguish  between  Tl*  and  K*  at  low  Tl* 
concentrations,  but  at  higher  concentrations  they  are  irre¬ 
versibly  damaged  (57) .  Likewise,  Tl*  affects  the  excitability 
of  iryocardial  cells,  the  action  potentials  in  nerve  fibers, 
and  neuromuscular  transmission  in  a  similar  way,  but  to  a 
greater  extent,  than  K*. 

Interactions  between  Tl  and  riboflavin  may  play  a  role  in 
the  metal's  toxicity.  Cavanagh  (58)  has  suggested  that  Tl 
impairs  cell  energy  metabolism  by  causing  a  deficiency  of 
riboflavin  and  riboflavin-derived  cofactors.  The  observation 
that  Tl  salts  produce  similar  pathological  effects  in  nerves, 
hair,  nails  and  the  heart  as  thiamine  deficiency  (beriberi) 
and  trivalent  arsenic  provides  circumstantial  evidence  in 
support  of  this  theory.  Moreover,  Tl  salts  are  known  to 
precipitate  riboflavin  (59);  they  were  once  used  for  this 
purpose  to  isolate  riboflavin  in  milk. 

Ali  et  al  (60)  found  that  Tl  induced  alterations  in  amino 
acids  (glutamic  acid,  aspartic  acid)  and  neurotransmitters 
(glutamic  acid,  dopamine,  serotonin)  in  rat  brains  exposed 
acutely  or  subacutely  to  the  metal  ion.  Hasan  et  al  (61,62) 
reported  a  significant  decrease  in  several  enzymes  and 
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neuropathological  changes  in  the  hypothalamus  and  hippocampus 
after  exposure  to  Tl.  Thallium  is  also  known  to  produce 
significant  increases  of  lipid  peroxidation  in  the  rat  brain 
(63)  .  Its  affinity  for  thiol  groups  may  reduce  glutathione 
levels  (64),  causing  a  concomitant  increase  in  membrane¬ 
damaging  free  radicals  and  peroxides.  It  is  of  interest  that 
the  antioxidant  effect  of  selenium  antagonizes  Tl-induced  free 
radical /peroxide  generation  and  counteracts  Tl's  toxicity  in 
vivo  (65,66). 

The  second-messenger  cation,  calcium  (Ca^*)  ,  is  vital  in 
the  regulation  of  a  number  of  physiologic  processes  in  the 
cell.  Intracellular  Ca^*  concentration  is  maintained  at  a 
constant  low  level  by  the  concerted  operation  of  cellular 
transport  and  conpartmentalization  systems.  The  mitochondria, 
endoplasmic  reticulum  and  nucleus  serve  as  the  principal  Ca^* 
storage  sites  in  the  cell,  while  membrane-bound  Ca^*  pumps 
transport  the  cation  out  of  the  cell  and  into  these  organelles 
(67) .  Several  heavy  metals  are  known  to  cause  prolonged 
elevation  of  intracellular  Ca^*,  resulting  in  Ca^*-induced 
cytotoxic  responses  in  various  tissues  (68) .  Thallium  may 
elevate  intracellular  Ca^*  by  1  or  more  of  the  following 
mechanisms:  Inhibiting  Na*-K*  ATPase  and  F^/Fj-ATP  synthase; 
uncoupling  oxidation  phosphorylation;  or  disrupting  the  normal 
antioxidant  processes  in  the  cell. 

Many  theories  have  been  proposed  to  account  for  Tl '  s 
toxicity  at  the  molecular  level.  It  is  likely  that  1  or  more 
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of  them  are  operative  in  the  cell.  This  area  is  of  great 
interest  and  continues  to  be  fertile  ground  for  further 
clinical  and  basic  research. 


CLINICAL  TOXICOLOGY 


The  syn^tomatology  of  thallotoxicosis  varies  with  dose, 
age  and  acuteness  of  intoxication.  Curiously,  children  tend 
to  be  less  sensitive  to  T1  than  adults  (69)  .  A  dose  of 
greater  than  100  mg  (1.4  mg  Tl/kg  body  weight)  will  produce 
acute  toxicity  in  adult  humans;  500-800  mg  is  often  lethal 
(8)  .  Smaller  doses  over  longer  time  periods  will  produce 
similar,  but  milder,  syitptoms  as  in  acute  exposures.  Chronic 
poisoning  can  produce  mild  to  severe  effects  depending  on  the 
severity  of  exposure. 

Gastroenteritis,  polyneuropathy,  and  hair  loss  are  the 
dominant  clinical  features  of  T1  poisoning.  A  latent  period 
of  hours  to  1-2  d  may  follow  acute  exposure.  Abdominal  pain, 
constipation  or  diarrhea  are  common  initial  complaints,  but 
some  individuals  experience  only  nausea  and  vomiting  or 
itching  or  a  vague  dull  feeling  in  the  extremities.  In  high- 
dose  exposure  cases,  neurologic  effects  may  dominate  the 
clinical  picture. 
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Gastrolntestizuil  Tract 

Thallium  may  cause  GI  disorders  regardless  of  exposure 
route.  Often,  nausea  and  vomiting  occur  during  the  3-4  d 
period  following  intoxication,  which  may  be  replaced  by  severe 
abdominal  pain  that  is  relieved  by  direct  pressure.  Signs  of 
enteritis  or  colitis  may  be  observed;  ulceration  of  the 
mucosal  lining  of  the  colon  can  ensue,  producing  GI  bleeding 
(70) .  Depression  of  intestinal  motility  and  peristalsis  may 
occur  due  to  possible  vagus  nerve  involvement,  resulting  in 
severe  constipation. 

Nervous  System 

Neurologic  symptoms  usually  appear  in  2-5  d  in  acute 
exposure  cases,  which  are  characterized  by  a  painful,  rapidly 
progressive  peripheral  neuropathy  that  dominates  clinically  in 
the  second  or  third  week.  Sensory  disturbances  include  pain 
and  paresthesias  of  the  lower  limbs,  numbness  in  the  fingers 
and  toes,  with  loss  of  pin-prick  and  touch  sensation  (69)  . 
Occasionally,  hyperesthesia  involving  the  soles  of  the  feet 
and  tibial  region  occurs;  the  mere  weight  of  bed  sheets  on  the 
lower  extremities  may  cause  excruciating  pain  (71)  .  Motor 
neuropathy  is  manifested  by  weakness  which  is  always  distal  in 
distribution.  The  lower  body  extremities  are  primarily 
affected.  Upper  extremity  involvement  occurs  infrequently  and 
cranial  neirve  participation  is  rare.  Insomnia,  headache, 
emotional  lability  (lamentation  with  a  theatrical  or  hysteri- 
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cal  effect) ,  anxiety,  tremor,  ataxia,  choreoathetosis,  and 
signs  of  cranial  nerve  involvement  (ptosis,  nystagmus, 
abnormal  palatal  or  vocal  cord  movements)  may  develop. 
Psychosis  with  paranoia,  depression,  aggressiveness  and 
hallucinations  are  not  uncommon.  In  chronic  T1  poisoning, 
ataxia  and  paresthesia  may  be  the  outstanding  symptoms.  In 
time,  the  paresthesia  may  progress  to  frank  peripheral 
neuropathy  with  weakness  and  atrophy  of  the  associated 
musculature . 

Bye 

Retrobulbar  neuritis  with  reduction  of  vision  and  central 
scotoma  may  occur  as  a  result  of  T1  intoxication  (72)  . 
Cataracts,  iritis,  inflammation  of  the  eyelids,  and  intraocu¬ 
lar  hemorrhage  have  been  reported  in  animals  (73)  .  Subnormal 
or  absent  retinal  electrogenesis  may  be  observed  as  soon  as  2 
d  post-intoxication,  as  measured  by  electroretinography  (74)  . 


Skin 

Alopecia  is  the  best  known  effect  of  chronic  T1  poison¬ 
ing.  Epilation  begins  about  10  d  after  ingestion;  complete 
hair  loss  is  seen  in  about  1  mo.  This  long  latent  period 
coincides  with  the  maturation  period  of  the  new  epithelial 
cells  of  the  hair  papilla,  which  Tl  targets.  After  a  matu¬ 
ration  period  of  10-14  d,  hair  loss  is  evident.  Axillary  and 
facial  hair,  including  the  inner  1/3  of  the  eyebrows  is 
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usually  spared,  which  has  been  attributed  to  Tl-induced 
lesions  to  the  synpathetic  nervous  system  (2) .  However,  most 
evidence  supports  direct  involvement  of  T1  with  the  hair 
follicles  as  the  mechanism  of  toxicity  (54,75,76).  Thyresson 
(54)  found  a  high  204.^2^  content  in  active  hair  follicles, 
whereas  resting  follicle  uptake  of  the  nuclide  was  low.  Hair 
loss  is  usually  reversible,  but  severe  poisoning  may  lead  to 
permanent  alopecia.  Thallium  deposits  in  hair  samples  can  be 
observed  microscopically  as  regions  of  dark  brown  or  black 
pigmentation  near  the  hair  roots  3-5  d  post -intoxication. 
Other  observed  dermatological  effects  may  include  palmar 
erythema,  acne,  anhydrosis,  and  dry  scaly  skin,  which  is 
caused  by  the  metal's  toxic  effect  on  sweat  and  sebaceous 
glands.  Dystrophy  of  the  nails,  seen  as  the  appearance  of 
white  semilunar  bands  (Mee's  lines) ,  appear  3-4  w  after 
intoxication. 

Heart 

Cardiac  signs,  such  as  sinus  tachycardia,  irregular 
pulse,  hypertension,  and  angina-like  pain,  have  been  reported 
during  the  second  week  after  exposure.  While  some  inves¬ 
tigators  attribute  these  signs  to  vagus  nerve  involvement, 
others  have  noted  electrocardiographic  changes  (nonspecific  ST 
segment  abnormalities,  flattened  or  inverted  T-wave)  that 
suggest  direct  myocardial  damage  (72) . 


Kidneys 

Renal  function  is  usually  not  grossly  impaired,  despite 
the  fact  that  the  kidneys  accumulate  the  highest  concentration 
of  T1  of  any  organ.  Albviminuria,  hematuria,  elevated  blood 
urea  nitrogen  (BUN)  or  decreased  creatinine  clearance  indicate 
renal  involvement,  whereas  coproporhyrinuria  and  uroporphyrin- 
uria  reflect  liver  and  muscle  damage  (71,77) .  A  definitive 
diagnosis  of  thallotoxicosis  is  based  on  the  demonstration  of 
above-normal  T1  levels  in  the  urine  or  other  biological 
specimens . 

Reproductive  System 

Experimental  evidence  suggests  that  the  reproductive 
system  is  highly  susceptible  to  Tl.  Decreased  libido  and 
impotence  in  humans,  and  lower  sexual  activity  in  laboratory 
animals  was  noted  with  chronic  exposure  to  the  metal .  In 
animals  and  humans,  the  testis  accumulated  high  levels  of  Tl. 
Moreover,  morphological  and  biochemical  changes  in  the  testes 
and  decreased  epididymal  spt;rm  motility  were  noted  in  rats 
exposed  to  10  ppm  Tl  in  drinking  water  of  2  mo  (78)  .  In 
experiments  on  embryonic  mouse  cultures  exposed  to  1  )iM  Tl, 
only  14%  of  embryos  reached  the  blastocyst  stage  of  develop¬ 
ment  (79)  .  The  human  fetus  may  suffer  from  transplacental 
exposure  to  Tl,  as  evidenced  by  skin  and  nail  dystrophy, 
alopecia  and  low  body  weights  in  newborns  of  Tl-in.  oxicated 
mothers  (80)  . 
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Teratogexiiclty  axid  Carcinogenicity 

Thallium  is  teratogenic  in  chick  embryos,  causing 
achondroplasia,  leg  bone  curvature,  parrot -beak  deformity, 
microcephaly  and  decreased  fetal  size  (81) .  However,  tera- 
tological  investigations  in  mammals  have  produced  conflicting 
results  (82,83). 

Large  doses  (3  mg/kg  TlClj)  of  the  trivalent  T1  cation 
inhibited  tumor  growth  in  Sprague -Dawley  rats  carrying  an 
ascitic  form  of  Walker  256  carcinoma  (84)  .  However,  it  had  no 
effect  on  L1210  leukemia  cells  or  other  types  of  solid  tumors, 
Buschke  and  Peiser  (85)  found  that  chronically-exposed  rats 
developed  gastric  papillomas  and  inflammatory  proliferative 
lesions  in  the  forestomach,  such  as  hyperkeratosis  and 
epithelial  cysts  and  tufts  that  extended  into  the  muscularis 
mucosa.  Thallium  induced  single-stranded  DNA  breaks  in  C57  B/6 
mouse  cell  cultures,  and  its  mutagenic  activity,  as  measured 
by  dominant  lethal  testing,  was  higher  than  that  of  mercury 
chloride  (86)  . 


LABORATORY  EVALUATIONS 

Analysis  of  urine,  feces,  hair  or  saliva  for  T1  contents 
should  be  done  to  assess  the  extent  of  T1  exposure  and  to 
monitor  treatment.  Although  a  variety  of  analytical  methods 
can  be  employed  in  the  determination  of  Tl,  atomic  absorption 
spectroscopy  (AAS)  is  the  method  of  choice  in  most  clinical 
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laboratories . 

Estimates  of  T1  concentrations  in  the  normal  population 
are  7-15  ng  Tl/g  hair  and  -0.3  jig  Tl/L  urine.  Salivary  levels 
of  the  metal  are  -15  times  higher  than  urinary  levels,  and 
thus  may  serve  as  a  measure  of  T1  toxicity  in  people  with 
severe  constipation,  renal  failure  or  other  conditions  that 
prevent  collection  of  standard  biological  materials  (30)  . 

Other  laboratory  findings  in  Tl  poisoning  are  nonspe¬ 
cific.  Anemia  and  hemolytic  changes  are  occasionally  re¬ 
ported,  but  the  lynphocytosis  and  eosinophilia  sometimes  seen 
are  likely  due  to  secondary  infection.  Elevated  liver  enzymes 
may  be  found,  although  the  metal  i's  not  particularly  hepato- 
toxic.  Hypokalemia  and  hypochloremic  metabolic  acidosis  have 
been  observed  (2,71).  Coproporphyrinuria  and  uroporphyrinuria 
may  be  seen,  which  may  reflect  liver  and  muscle  damage  (69). 
Decreased  creatinine  clearance,  elevated  BUN,  and  proteinuria 
indicate  renal  function  inpairment.  A  slightly  elevated 
cerebrospinal  fluid  protein  level  may  occasionally  be  seen, 
but  rarely  is  it  greater  than  100  mg%  (69) . 

DIAGNOSIS 

The  diagnosis  of  thallotoxicosis  is  often  difficult 
unless  the  etiology  is  well  known.  The  triad  of  gastroen¬ 
teritis,  peripheral  neuropathy  of  unknown  origin,  and  alopecia 
should  alert  the  clinician  to  the  possibility  of  Tl  poisoning. 


22 


Unfortunately,  the  diagnosis  of  T1  poisoning  often  occurs  only 
after  hair  loss  is  observed  (3-4  w  post-intoxication) ,  thus 
diminishing  the  effectiveness  of  treatment  and  increasing  the 
likelihood  of  permanent  residual  effects-  It  must  be  stressed 
that  hair  loss  does  not  always  occur  (70,72,87).  Thallium 
poisoning  should  be  considered  any  time  the  patient  presents 
with  neurological  symptoms  of  un)cnown  etiology,  particularly 
peripheral  neuropathy. 

The  occurrence  of  nonspecific  symptoms  may  lead  to 
misdiagnosis,  particularly  in  chronic  T1  intoxication. 
Thallium-induced  motor  neuropathy  must  be  differentiated  from 
that  seen  in  acute  intermittent  porphyria  or  Guillian-Barre ' 
syndrome.  Erythema,  renal  impairment,  fever  and  hair  loss  may 
suggest  systemic  lupus  erythematosus,  particularly  in  young 
females  (88)  . 

Routine  metal  screening  tests  often  are  not  designed  to 
detect  Tl.  A  T1  mobilization  test  caxi  be  used  to  confirm 
poisoning;  this  entails  giving  45  mEq  potassium  (K)  po,  then 
collecting  and  analyzing  urinary  excretions  during  the 
subsequent  24-h  period  (89) .  Care  should  be  taken  to  insure 
that  urine  specimens  are  collected  in  a  non-metal  container 
and  then  rapidly  acidified  to  prevent  surface  adsorption  or 
coprecipitation  with  other  urine  constituents .  AAS  is 
preferable  to  colorimetric  or  spectrophotometric  methods 
because  of  its  high  specificity  for  Tl  and  its  low  detection 
limits  (--3  ppm,  flame  AAS;  <1  ppb,  graphite  furnace  AAS)  (90)  . 
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Additionally,  a  qualitative  test  for  T1  can  be  done  by 
microscopically  examining  hair  roots  for  T1  deposits  (black  or 
dark  brown  pigmentation) .  In  poisoned  patients  Tl  deposits 
can  be  found  in  95%  of  scalp  hair  examined,  50-60%  of 
chest/leg  hair,  and  30%  of  eyebrow/ eyelid  hair  (91) . 

TRBATMBMT 

Estimation  of  the  dose,  time  elapsed  since  exposure,  and 
physical  status  of  the  patient  will  aid  in  determining  whether 
induced  vomiting,  gastric  lavage,  supportive  care  or  specific 
therapy  is  required,  and  the  priority  of  these  management 
steps , 

In  recent  acute  exposure,  ipecac  syrup  should  be  given  or 
lavage  performed  to  remove  as  much  Tl  as  possible  from  the  GI 
tract.  Synqptomatic  and  supportive  treatment  should  be  begin 
immediately,  with  special  attention  given  to  the  patient's 
respiratory  and  circulatory  status. 

The  treatment  objective  in  Tl  poisoning  is  to  enhance  the 
metal's  elimination  from  the  body.  This  is  acconplished  by 
inhibiting  absorption/reabsorption  of  the  metal  from  the 
digestive  tract  and  by  mobilizing  the  Tl  from  tissue  storage 
sites  without  exacerbating  the  patient's  syirptoms. 

Attempts  to  mobilize  Tl  by  use  of  chelating  agents  have 
yielded  negative  or  marginal  results.  Ethylenediaminetetra- 
acetic  acid  and  diethylenetriaminepentaacetic  acid  are 
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completely  ineffective  (92,93).  Dimercaprol  (British  anti- 
Lewisite,  BAL)  and  D-penicillamine  failed  to  enhance  T1 
excretion  in  experimental  animals  (94,95).  Dithiocarb  (sodium 
diethyldithiocarbamate,  NDDC)  chelates  Tl  in  vivo  and  enhances 
renal  excretion,  but  the  lipophilic  metal -ligand  complex 
promotes  Tl  redistribution  to  the  brain,  thus  exacerbating 
neurologic  synptoms  (96) .  Treatment  with  dithizone  (diphenyl - 
dithiocarbazone)  yielded  equivocal  results  (97,98)  and  was 
found  to  be  goitrogenic  and  diabetogenic  in  animal  studies. 

Potassium  increases  the  urinary  excretion  of  Tl  (97)  and 
increases  the  LD50  of  Tl  in  rats  (28)  .  Two  possible  mechanisms 
are  responsible  for  increased  thalluresis:  K  blocks  tubular 
reabsorption  of  Tl,  or  K  mobilizes  Tl  from  intracellular 
stores  thereby  raising  plasma  levels  and  increasing  its 
availability  for  filtration  by  the  kidneys.  But  like  NDDC,  K 
may  also  cause  dangerous  redistribution  of  Tl  to  the  central 
nervous  system  (99),  and  thus  should  be  used  with  caution. 

Given  orally,  Prussian  blue  (potassium  ferric  hexacyano- 
ferrate(II),  PB)  absorbs  monovalent  Tl  cations  in  its  crystal 
lattice,  thereby  interrupting  its  enterohepatic  circulation. 
Prussian  blue  and  the  Tl-PB  conplex  are  not  absorbed  from  the 
GI  tract  and  are  eliminated  in  the  feces.  About  7%  of  PB  is 
degraded  to  cyanoferrate,  which  is  absorbed  and  rapidly 
eliminated  in  the  urine,  carrying  some  bound  Tl  with  it  in  the 
process.  Prussian  blue  has  a  high  therapeutic  index  and  is, 
for  all  practical  purposes,  nontoxic  (100) .  It  is  most 
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effective  when  administered  within  the  first  48  h  after 
ingestion,  but  results  from  human  studies  suggest  PB  has 
therapeutic  utility  throughout  acute  and  chronic  intoxica¬ 
tions  . 

Prussian  blue  exists  in  2  forms,  the  so-called  insoluble 
form  and  the  colloidal  (soluble)  form;  the  latter  form  absorbs 
more  Tl.  Stevens  (101)  compared  the  effectiveness  of  PB  in 
human  trials  and  found  it  to  enhance  fecal  elimination  of  Tl . 
Since  Tl  may  cause  severe  constipation,  250  mg  PB/kg/d  in  4 
divided  doses  should  be  given  in  a  15%  mannitol  solution  (50 
ml) .  Prussian  blue  is  not  commercially  available  in  the  US, 
but  can  be  obtained  from  Heyl  Chemisch-Pharmazentische  Fabrik 
Gnbh  &  Co  (Berlin)  .  Prussian  blue  is  not  yet  approved  for 
human  use  by  the  FDA.  Activated  charcoal  may  be  used  instead 
of  PB,  but  it  is  not  as  effective  (100)  .  The  recommended  dose 
of  activated  charcoal  is  500  mg/kg/d,  given  twice  daily. 

Forced  diuresis  enhances  the  elimination  of  Tl  (102)  and 
may  be  useful  in  acute  intoxication.  Hemodialysis,  however, 
is  of  little  benefit  once  Tl  has  been  sequestered  intracellu- 
larly  unless  potassium  is  given  concurrently.  For  this 
reason,  hemodialysis  is  only  indicated  in  the  initial  stages 
of  acute  intoxication  when  Tl  plasma  levels  are  relatively 
high  or  in  the  case  of  renal  severe  insufficiency/failure 
(103)  .  Hemofiltration  was  found  ineffective  in  eliminating  Tl 
(103)  . 

The  decorporation  of  several  heavy  metals  is  enhanced  hy 
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the  concurrent  use  of  2  or  more  chelators.  In  acute  Tl- 
exposed  laboratory  animals,  a  chelator- PB  combination  was 
shown  to  produce  a  synergistic  effect  that  enhanced  the 
overall  elimination  of  the  metal  from  the  body.  Rios  et  al 
(104)  demonstrated  that  the  combined  administration  of  D- 
penicillamine  and  PB  reduced  the  T1  content  in  rat  target 
organs  more  than  single  administrations  of  these  antidotes, 
without  promoting  dangerous  redistribution  of  Tl  to  brain. 
The  use  of  chelator-PB  combinations  to  treat  thallotoxicosis 
deserves  more  research  attention. 

In  summary,  acute  thallotoxicosis  should  be  treated  by 
gastric  lavage/emesis  if  ingestion  was  recent,  followed  by 
oral  PB  and  laxatives  and  forced  diuresis  with  K  loading.  If 
plasma  Tl  levels  are  elevated  or  if  the  patient  is  in  renal 
failure,  hemodialysis  should  be  c  nsidered. 

pROcaioszs 


Thallotoxicosis  is  a  serious  illness  with  high  morbidity 
and  mortality  whose  outcome  is  hard  to  estimate.  In  general, 
cases  with  a  fulminating  onset  are  rapidly  fatal.  The  longer 
the  patient  survives,  the  better  the  prognosis  for  survival, 
although  long-lasting  or  permanent  neurologic  sequelae  may 
result.  In  a  follow-up  study  conducted  4  y  after  Tl  intoxica¬ 
tion,  Reed  (2)  found  a  58%  incidence  of  chronic  neurologic 
defects  involving  both  the  peripheral  and  central  nervous 
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systems  in  surviving  patients.  Severe  and  presumably  perma¬ 
nent  deterioration  in  intellectual  function  (memory  and 
performance  abilities)  has  been  documented  in  at  least  1  case 
(105) .  However,  if  T1  poisoning  is  recognized  and  treated 
early,  the  chance  for  full  recovery  is  good. 

CONCLUSIOHS 


Thallixam  poisoning  is  a  complex  and  often  fatal  afflic¬ 
tion  involving  a  wide  range  of  organs  and  tissues.  Because  of 
its  similarity  to  potassium,  Tl  follows  K  distribution 
pathways  and  inhibits  a  number  of  K-dependent  processes . 
Several  mechanisms  have  been  postulated  to  account  for  Tl's 
toxicity,  including  ligand  formation  with  sulfhydryl  groups  of 
enzymes  and  transport  proteins,  inhibition  of  cellular 
respiration,  interaction  with  riboflavin  and  riboflavin-based 
cofactors,  alteration  of  the  activity  of  K*-dependent  pro¬ 
teins,  and  disruption  of  intracellular  calcium  homeostasis. 
The  clinical  triad  of  gastroenteritis,  peripheral  neuropathy 
of  unlcnown  etiology,  and  alopecia  should  alert  clinicians  to 
the  possibility  of  Tl  poisoning.  The  diagnosis  of  thallotoxi- 
cosis  is  confirmed  by  finding  elevated  Tl  concentrations  in 
urine  or  other  biologic  materials.  Treatment  should  consist 
of  gastric  lavage/emesis  to  reduce  exposure  to  the  metal,  PB 
(or  activated  charcoal)  and  laxatives  to  enhance  fecal 
elimination,  and  forced  diuresis  with  K  loading  to  increase 
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renal  clearance.  If  K  is  given,  the  patient's  status  must  be 
monitored  carefully  because  neurologic  and  cardiovascular 
symptoms  may  be  exacerbated.  Hemodialysis  may  be  useful  at 
the  outset  if  plasma  T1  levels  are  high  or  in  the  case  of 
renal  failure.  A  favorable  prognosis  is  justified  if  the 
poisoning  is  recognized  and  treated  early.  The  longer  the 
exposure  to  Tl,  the  greater  the  risk  of  permanent  neurologic 
abnormalities . 
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TABLE  1.  TOXICITY  OF  THALLIUM  SALTS. 


COMPOUND 

ANIMAL 

ROUTE  TOXIC 

DOSE’  (mg  Tl/kg) 

DOSE 

REF 

T1  Acetate 

rat 

ip 

LD50 

23 

106 

po 

LD50 

32 

rabbit 

iv 

LDu, 

20 

ip 

LD^ 

13 

guinnea 

ip 

7 

pig 

po 

12 

dog 

po 

20 

T1  Oxide 

rat 

ip 

LD50 

72 

po 

LD50 

39 

rabbit 

iv 

LDu, 

39 

ip 

60 

guinnea 

ip 

LD^ 

30 

pig 

po 

5 

dog 

po 

30 

T1  Nitrate 

rat 

sc 

LDlo 

20 

34 

mouse 

po 

LD50 

32.5 

dog 

po 

LDu, 

45 

T1  Sulfate 

rat 

po 

LD50 

15.8 

mouse 

po 

LD50 

29 

human 

po 

LDu> 

8 

69 

^  LDj^  is  the 

lowest  dose  producing 

lethality 

during 

14  d 

observation  period. 
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TABLE  2.  THE  PHYSICAL  PROPERTIES  OF  THALLIUM. 
(Adapted  from  Trump  DM:  The  Integral  Scientist, 
Assoc  of  Shareware  Professionals,  1991) 

Atomic  number 

81 

Atomic  weight 

204.3833 

Density  (g/cm^  at  20  °C) 

11.85 

Melting  Point  (®C) 

303.55 

Boiling  Point  (“C) 

1456.85 

Crystal  Structure 

Hexagonal  close  packed 

<230  °C 

Body  centered  cubic 

230  -  303.55  °C 

Molar  Enthalpy  of 

Atomization 

182.845 

Fusion 

4.31 

Vaporization 

166.1 

Electron  shells 

[Xe]4f'«5d’°6s26p 

Oxidation  states 

+1  +3 

Atomic  radius  (pm) 

171.0 

Ionic  radii  (pm) 

Tl* 

150.0 

T13* 

88.5 

Molar  Ionization  Energy 
(kJ/mol) 

I 

589.3 

II 

1971.0 

III 

2877.0 

Pauling's 

electronegativity 

1.8 
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ABSTRACT 


Thallium  is  a  highly  toxic  metal  (LD50  8-12  it^/kg,  roan; 
LD50  30  mg/kg,  rat)  normally  present  at  trace  levels  in  the 
environment  except  when  concentrated  by  human  activities.  The 
need  for  a  rapid,  specific  and  sensitive  analytical  method  for 
thallium  determination  in  the  clinical  laboratory  is  met  by 
atomic  absorption  spectroscopy  (AAS) .  Basic  AAS  principles 
and  instrumentation  are  discussed.  Saitple  preparation 
techniques  for  trace  metal  analysis  of  biological  material  are 
presented;  the  destruction  of  organic  matter  and  liquid- liquid 
separations  are  emphasized.  The  application  of  flame  AAS  and 
graphite  furnace  (electrothermal)  AAS  to  the  determination  of 
thallitam  in  biologic  materials  is  reviewed. 


KEYWORDS:  Thallixun;  flame  AAS;  graphite  furnace  AAS;  electro¬ 
thermal  AAS;  chelate;  wet  ashing;  sodium  diethyldithiocarbamic 
acid;  methylisobutylketone. 
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THALLItM 


The  toxicity  of  thallium  and  its  salts  has  been  known 
almost  since  the  element's  discovery  in  1861  by  Crookes. 
Named  for  the  brilliant  green  spectral  line  it  produces, 
thallium  is  recognized  as  one  of  the  most  toxic  heavy  metals 
(LD50  8-12  mg/kg,  man;  LD50  30  mg/kg,  rat)  (1,2)  . 

Normal  Thallium  Levels 

The  crustal  abundance  of  thallium  is  0.3  ppm,  with  higher 
levels  found  in  granite,  shale  and  manganese  nodules  (Table 
1)  .  Natural  thallium  concentrations  in  seawater  and  freshwa¬ 
ter  are  estimated  to  be  <0.03  ppb  (3)  .  Normal  thallium  levels 
in  hvcnans  and  animals  are  <1  ppb  in  blood  and  urine  and  <10 
ppb  in  tissues  (4,5). 

Production  and  Uses 

Thallium  is  found  in  pyrites  used  to  make  sulfuric  acid; 
the  H2SO4  production  process  generates  waste  residue  that 
yields  commercially  recoverable  levels  of  the  element. 
Thallium  is  concentrated  in  iron,  lead,  cadmium  and  copper 
smelters  as  flue  dust  which  is  further  processed  to  recover 
commercial  quantities  of  the  metal.  Annual  worldwide  thallium 
production  is  only  -5  tons  (6)  ;  recent  US  production  is 
estimated  to  be  1500  lbs.  Thallium  is  also  released  to  the 
environment  1:^  cement  plant  emissions  and  through  agricultural 
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use  of  phosphate  fertilizer. 

A  small  amount  of  thallium  is  used  in  alloys  (anticor¬ 
rosive)  ,  optical  lenses  (increases  refractive  index) ,  low- 
teirperature  thermometers,  dye  and  pigments  (artist  paints), 
semiconductors  and  ceranics,  vapor  lamps,  scintillation 
counters,  portable  radiation  (y  ray)  detection  devices,  and  in 
organic  chemistry  (catalyst) . 

Mining  and  smelting,  together  with  sulfuric  acid  pro¬ 
duction  and  coal-burning  power  plants,  are  the  major  iatro¬ 
genic  sources  of  thallium  in  the  environment.  Major  non-point 
sources  are  auto  emissions  (urban)  and  phosphate  fertilizer 
(rural)  but  their  contribution  to  the  total  environmental 
burden  of  the  metal  has  not  been  fully  assessed.  The  use  of 
thallium  in  these  commercial  applications  gives  rise  to 
concerns  about  occupational  exposure  and  environmental 
pollution. 

Thallium  sulfate  (TI2SO4) ,  an  odorless  and  tasteless 
compound,  was  once  used  in  the  US  as  an  insecticide/roden- 
ticide,  but  was  prohibited  1975  as  a  consequence  of  several 
highly  publicized  accidental,  criminal  and  suicidal  poison¬ 
ings.  Many  developed  covintries  have  banned  or  strictly 
controlled  its  use  for  this  purpose.  However,  its  continued 
use  in  developing  countries  has  resulted  in  a  number  of 
accidental  human  and  animal  poisonings  (7-9) . 

Thallium  was  once  used  to  treat  syphilis,  gonorrhea, 
tuberculosis,  ringworm  infestation  of  the  scalp,  and  as  a 


50 


cosmetic  epilant.  Safer  and  more  efficacious  drugs  long  ago 
replaced  thallixim  in  the  treatment  of  these  conditions.  The 
only  medical  use  of  thallium  today  is  as  a  radioactive 
contrast  agent  (^“^Tl)  to  image  tumors  and  to  visualize  the 
heart  in  myocardial  function  tests  (10,11). 

Absorption,  Distribution,  Excretion 

After  rapid  and  conplete  absorption  from  the  respiratory 
or  gastrointestinal  tract  or  skin,  water-soluble  thallium 
salts  are  widely  distributed  to  organs  and  tissues,  including 
the  brain,  heart,  kidney,  skeletal  muscle  and  testis,  the 
principal  targets  of  thallium  toxicity  (12).  Since  Tl*  (1.50 
A)  and  K*  (1.38  A)  are  univalent  ions  with  similar  ionic 
radii,  Tl*  interferes  with  {Na*-K*)  ATPase  (and  other  K*- 
dependent  enzymes)  and  mimics  K*  in  its  movement  and  intracel¬ 
lular  accumulation  in  mammals  (13)  .  Tl*  is  less  rapidly 
released  than  K*  once  it  moves  into  the  cell.  Its  half-life 
in  rats  is  estimated  to  be  4  d  (14) .  Thallium  is  excreted  by 
the  kidney  into  the  urine  and  is  also  actively  transported  by 
intestinal  mucosal  cells  into  the  lumen  of  the  gastrointesti¬ 
nal  (GI)  tract  where  it  can  either  be  reabsorbed  (enterohepat- 
ic  circulation)  or  excreted  in  the  feces.  A  small  amount  of 
the  metal  is  taken  up  and  excreted  in  the  hair,  and  its 
presence  near  the  roots  can  be  seen  microscopically  within  3-4 
d  of  intoxication.  Some  thallium  is  retained  in  bone  and 
other  tissues  (Tl  levels  increase  with  time  in  chronic 
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exposure} ,  which  suggests  incomplete  homeostatic  regulation  of 
the  metal  in  the  body  and  accounts  for  its  cumulative  toxici¬ 
ty. 

Toxicity 

The  toxic  effects  of  thallium  in  man  and  animals  have 
been  extensively  studied  and  have  been  the  subject  of  several 
reviews  (15-17) .  Acute  thallotoxicosis  produces  a  complex 
clinical  picture  due  to  its  multiorgan  involvement .  The 
predominant  symptoms  in  acute  exposure  result  from  the  metal's 
effect  on  the  GI  tract,  peripheral  and  central  nervous  system, 
cardiovascular  system,  Icidney  and  skin  (Table  2)  .  Subacute 
and  chronic  thallotoxicosis  may  occur  in  the  general  popula¬ 
tion  (ie,  accidental /intentional  food  poisoning)  or  in 
thallixom- exposed  workers.  Symptoms  of  subacute  and  chronic 
thallitim  intoxication  are  similar  to  acute  intoxication,  but 
are  less  pronounced  (Table  3)  .  The  synptoms  in  long-term  low- 
level  exposure  (ie,  industrial  emissions  and  runoff)  are 
poorly  understood,  but  may  include  partial  alopecia  and  mild 
neurological  disturbances.  In  humans,  maternal  exposure 
produces  detectable  thallium  levels  in  amniotic  fluid  and 
breast  milk.  Thallium  is  teratogenic  in  chick  embryos  but 
equivocal  effects  were  observed  in  rats,  mice  and  cats  (18) . 
Thalliiim  may  cause  deformities  in  humans  if  the  fetus  is 
exposed  during  the  first  trimester  (19) .  It  has  marked 
antimitotic  activity  in  rapidly  dividing  tissues,  such  as  hair 
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follicles  and  the  testes  (15) . 


ATOMIC  ABSORPTION  SPECTROSCOPY  (AAS) 

Many  analytical  methods  have  been  applied  to  the  deter¬ 
mination  of  thallivun  in  biological  materials.  Electrochemical 
methods,  such  as  polarography  and  anodic  stripping  voltametry, 
are  sensitive  and  precise  techniques  but  require  significant 
time  and  effort  in  the  pretreatment  stage  to  reduce  interfer¬ 
ing  substances  in  the  sanqple.  Neutron  activation  analysis, 
isotope  dilution  mass  spectrometry,  x-ray  fluorescence  and 
inductively  coupled  plasma  mass  spectrometry  are  sensitive 
specialized  techniques  not  generally  suitable  for  routine 
thallium  analysis  in  the  clinical  laboratory  setting. 
Colorimetric  methods  are  relatively  insensitive  and  do  not 
attain  the  detection  limits  necessary  to  determine  thallium  in 
chronic  exposure  cases.  Significant  iir^rovements  in  AAS 
instrumentation  and  development  of  many  AAS  procedures  for 
trace  metal  analysis  have  occurred  over  the  past  two  decades. 
Today  AAS  is  the  dominant  method  for  trace  metal  analysis  of 
biologic  materials  because  of  its  speed,  specificity,  sensi¬ 
tivity  and  precision. 

Principles  and  Instrumentation 

A  discussion  of  AAS  principles  and  instrumentation  is 
presented  for  readers  unfamiliar  with  the  technique.  Several 
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excellent  texts  are  available  that  treat  the  subject  in 
greater  detail  (20-22). 

AAS  is  based  on  the  principle  that  ground  state  atoms  of 
a  given  element  will  absorb  monochromatic  light  of  a  given 
wavelength  proportionate  to  the  number  of  analyte  atoms 
present  in  the  sample  (Fig  1) .  Metallic  elements  present  in 
a  saiT^^le  are  reduced  to  their  ground  state  by  the  process  of 
thermal  disassociation  in  a  flame  or  graphite  furnace  (GF) : 

A  A 

MX  MX  M°  +  X° 

solution  salt  free  ground-state 

particle  atoms 

Absorption  spectrometers  have  components  which  fulfill  3  basic 
requirements  (Fig  2) .  Electromagnetic  energy  from  a  spectral 
source,  either  a  hollow  cathode  lamp  (HCL)  or  electrodeless 
discharge  lamp  (EDL) ,  emits  the  characteristic  spectrum  of  the 
element  of  interest  (the  analyte)  which  is  passed  through  the 
flame  or  GF  to  a  monochromator  (normally  a  diffraction 
grating)  where  the  resonance  line  is  isolated.  Slits  are  used 
to  allow  only  a  narrow  portion  of  the  spectrum  containing  the 
resonance  line  to  reach  the  detector,  a  photomultiplier  tube. 
The  signal  is  amplified,  processed  and  recorded  so  that 
suitable  calculations  can  be  made  (Fig  3) . 

The  flame  itself  emits  radiation  which  may  interfere  with 
the  analyte's  resonance  line,  so  single-beam  alternating 
current  (a.c.)  instruments  have  a  chopper  located  between  the 
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lanp  and  the  flame.  The  chopped  light  produces  an  alternating 
current  in  the  detector.  The  instrument's  electronics  are 
designed  to  artplify  only  the  a.c.  signal,  thus  flame  emission 
is  not  measured.  In  double-beam  instruments  a  rotating  half- 
mirror  is  used  that  alternately  passes  the  sample  beam  and 
reference  beam  to  the  detector  (Fig  3) .  The  ratio  of  the  two 
beams  is  measured  electronically  and  is  converted  to  an 
analyte  absorbance  or  a  concentration  reading.  Fluctuations 
in  lamp  intensity,  detector  sensitivity  and  electronic  gain 
give  rise  to  instrumental  noise.  Since  these  fluctuations  are 
measureu  in  both  beams  in  the  double-beam  system  they  cancel 
each  other  out,  producing  a  more  stable,  precise  signal  than 
the  single-beam  instrument.  Of  practical  significance,  the 
30-minute  warmup  period  required  for  source  lamp  stabilization 
in  the  single-beeun  system  is  avoided,  since  fluctuation  in 
lamp  intensity  is  automatically  conpensated  for  with  the 
double-beam  system  arrangement. 

Data  processing  stations,  readout  devices  and  other 
accessories  are  available  for  the  AAS.  Background  correction, 
pulse-nebulization,  peak-area  integration  ai.d  fast  recorders 
are  useful  in  the  analysis  of  biological  saitples.  Autosam¬ 
plers  enhance  analytical  precision  and  free  personnel  to 
perform  other  laboratory  functions  (Fig  4)  .  Computerized  work 
stations  allow  for  the  automated  collection,  processing  and 
reporting  of  data;  dedicated  software  packages  provide 
graphics  useful  for  the  development  and  assessment  of  new 
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analytical  procedures  and  on-line  statistical  analysis  of  data 
to  facilitate  quality  control. 


Flame  AAS 

In  flame  atomization,  the  sample  solution  is  drawn  by  a 
venturi  effect  into  a  spray  chamber  and  the  sample  mist  is 
mixed  with  a  fuel  gas  (Fig  5) .  The  aerosol  then  enters  the 
flame  where  the  analyte  is  desolvated,  dissociated  and 
atomized  in  rapid  succession.  Only  the  smallest  droplets  (^10 
^m)  reach  the  flame  so  much  of  the  sample  is  wasted  (~90%) . 
Two  combinations  of  oxidant-fuel  gases  are  in  common  use:  The 
air-acetylene  fleune  (2300°  C)  will  atomize  about  35  elements; 
refractory  elements  require  the  hotter  nitrous  oxide-acetylene 
flame  (2900°  C)  .  Pulse-nebulization  is  useful  for  small 
samples  (Fig  6)  .  A  20-200  ^ll  aliquot  is  pipetted  into  a 
teflon  funnel  attached  to  the  nebulizer  capillary  tube;  the 
analyte  produces  a  sharp  transient  peak  that  can  be  quanti¬ 
fied.  The  advantages  of  flame  AAS  over  GF  AAS  are  its  sinple 
optimization  requirements,  convenience,  speed  and  precision. 
Disadvantages  are  the  requirement  for  large  sample  volumes  (3- 
5  ml)  if  pulse-nebulization  is  not  available,  inefficient  use 
of  sample,  and  its  relative  lack  of  sensitivity  compared  to  GF 
AAS.  Because  of  its  advantages,  flame  AAS  should  be  used 
whenever  sample  size  and  detection  limit  (DL)  are  not  limiting 
factors. 
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Graphite  Furnace  AAS  (Blectrothemal  AAS) 

The  graphite  furnace's  main  functional  component  is  a 
small,  cylindrical  graphite  tube  through  which  the  source  beam 
passes.  The  sanple  is  injected  through  a  hole  located  on  the 
top  of  the  tube  (Fig  7,8).  The  GF  tube  is  heated  by  electri¬ 
cal  resistance  and  can  attain  a  temperature  of  -3000°  C.  The 
GF  has  two  advantages  over  flame  AAS  that  make  it  well  suited 
for  the  determination  of  trace  elements  in  biological  samples 
—  it  uses  small  sample  volumes  (10-50  )il)  and  it  has  much 
lower  detection  limits  for  most  elements  (typically  100-1000 
times  lower  than  flame  AAS) .  In  the  GF  mode  the  GF  assembly 
replaces  the  burner,  and  it  is  controlled  by  a  programmer  unit 
that  regulates  the  furnace  as  it  goes  through  its  dry,  char 
(ash),  atomize,  clean-out,  and  cool-off  stages.  As  the  AAS 
cycles  through  its  program  the  sample  solution  is  desolvated, 
the  volatile  organic  and  inorganic  matrix  mater_al  is  vapor¬ 
ized  and  swept  out  of  the  tube,  the  analyte  is  atomized  and 
its  absorbance  measured,  any  remaining  analyte  or  matrix 
residue  is  eliminated,  and  the  water-cooled  GF  assembly  drops 
the  tube  to  ambient  temperature  prior  to  the  introduction  of 
the  next  aliquot  of  sample.  The  graphite  tube  is  bathed  by  a 
continuous  stream  of  inert  gas  (usually  argon)  to  prevent  its 
oxidation  at  high  temperature.  The  GF  has  several  disadvan¬ 
tages  --  a  laborious  program  optimization  procedure  must  be 
done  for  every  analyte/matrix  combination,  marked  background 
problems  must  be  compensated  for  (discussed  below) ,  severe 
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interferences  are  common,  carbide  formation  can  occur,  memory 
effects  and  contamination  are  common,  and  longer  instrumental 
times  are  required  (eg,  2-4  min/sanple  vs  5-10  s/saiT?jle  for 
flame  AAS) . 

Baclcground  Interference 

The  analyte  sanple  normally  contains  a  variety  of  non¬ 
analyte  constituents  (eg,  ions,  molecules)  that  are  released 
to  the  gaseous  phase  at  high  temperature.  Molecular  species, 
in  particular,  may  absorb  at  the  analyte's  resonance  line 
and/or  scatter  the  source  beam.  If  not  compensated  for,  this 
so-called  non-atomic  (background)  absorption  would  result  in 
an  elevated  absorbance  reading  and  an  inaccurate  analyte 
determination.  Three  types  of  background  correction  systems 
(BCS)  are  available  --  the  deuterium  lamp  (continuum)  BCS,  the 
Zeeman  BCS,  and  the  Smith-Hieft je  BCS;  newer  instruments  have 
one  or  more  BCS  as  a  standard  feature.  Each  BCS  works  on 
different  principles,  but  their  effect  is  the  same;  they 
measure  non-atomic  absorption  which  is  electronically  sub¬ 
tracted  from  the  total  signal  so  an  accurate  analyte  absor¬ 
bance  is  recorded  (Fig  9) . 

Sample  Preparation 

The  amount  of  sample  preparation  required  for  biological 
fluids  depends  on  the  analyte  and  its  concentration,  saitple 
type  and  composition,  and  on  the  precision  and  accuracy 
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needed.  No  one  procedure  is  applicable  in  all  cases.  Some 
metals  can  be  determined  directly  in  blood  or  urine;  others 
must  be  preconcentrated  or  have  at  least  a  portion  of  the 
interfering  matrix  constituents  removed.  Many  times  the 
presence  of  organic  material  precludes  analyte  determination 
unless  it  is  first  destroyed.  This  is  always  the  case  in  the 
trace  metal  analysis  of  tissues  and  fecal  matter.  Once  the 
organic  matter  is  destroyed  and  the  analyte  is  brought  into 
solution,  the  digest  may  be  directly  analyzed  if  the  element 
of  interest  is  present  in  sufficiently  high  concentration.  If 
not,  a  preconcentration  step  may  be  necessary  to  eliminate 
remaining  interferants  and  to  increase  analyte  concentration 
so  that  a  determination  can  be  made. 

The  risk  for  sample  contamination  and  analyte  loss  is 
particularly  high  during  the  preparatory  steps.  Potential 
sources  of  contamination  are  contaminated  reagents  and  dirty 
glass/plasticware  and  laboratory  equipment  (homogenizers, 
grinders,  desiccators) .  Analyte  losses  may  arise  through 
analyte  volatilization  at  elevated  temperature  and  by  analyte 
adsorption  to  the  walls  of  beakers,  flasks,  test  tubes  or 
other  labware. 

Destruction  of  Organic  Matter 

Decomposition  procedures  generally  fall  into  two  classes, 
dry  ashing  or  wet  ashing.  Sample  decomposition  procedures 
release  the  analyte  from  the  biological  matrix  by  oxidizing 


59 


organic  material  to  volatile  molecules  (eg,  COj,  H2O,  Nj) 
leaving  the  analyte  in  simple  inorganic  form  suitable  for 
analysis.  The  destruction  method  used  depends  on  a  number  of 
factors:  Analyte  volatility;  sample  matrix  composition;  and 
the  compatibility  of  the  final  digest  with  the  AAS  or  its 
suitability  for  the  follow-on  sample  prepatory  step. 

Dry  ashing  is  relatively  straight  forward  and  simple.  An 
accurately  weighed  sample  (5-10  g)  is  placed  in  a  platinum, 
silica  or  porcelain  vessel  and  heated  on  a  hot  plate  at 
moderate  teirperature  until  it  chars.  The  vessel  and  sample 
are  transferred  to  a  cold  muffle  furnace  and  the  teirperature 
is  gradually  increased  to  450-500°  C  and  held  there  overnight. 
If  any  organic  material  remains,  a  small  amount  of  water  or 
dilute  nitric  acid  is  added  to  the  sample  and  the  drying 
process  repeated.  The  ash  is  then  dissolved  in  a  dilute  acid 
solution  or  other  appropriate  solvent  for  introduction  to  the 
AAS.  The  method  can  not  be  used  for  volatile  elements  like 
arsenic,  mercury,  zinc  or  cadmium;  partial  losses  occur  with 
lead,  nickel  and  thallium.  (Note:  Many  variants  of  this 
procedure  can  be  found  in  the  literature.) 

Wet  ashing  destroys  organic  matter  by  exposing  it  to 
strong  oxidizing  reagents  at  moderate  temperature.  The  most 
commonly  used  oxidants  are  concentrated  mineral  acids  (HCl, 
H2SO4  and  perchloric  acid  [HCIO4] ) ,  which  may  be  used  indi¬ 
vidually  or  as  acid  mixtures.  The  digestion  is  done  in  a 
covered  beaker  or  covered  Erlenmeyer  flask,  or  preferably  in 
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a  Kjeldahl  flask.  The  wet  ash  procedure  described  i.elow  is 
but  one  of  many  procedures  that  can  be  found  in  the  litera¬ 
ture. 

An  accurately  weighed  sample  of  ~5  g  is  placed  in  a 
vessel  and  HNO3  (5  ml)  is  added.  The  mixture  is  allowed  to 
stand  at  room  temperature  until  the  initial  vigorous  reaction 
subsides.  H2SO4  (8  ml)  is  added  and  the  mixture  is  heated  on 
hot  plate  until  it  darkens.  With  a  pasteur  pipette,  1-2  ml 
portions  of  HNO3  are  added  until  the  mixture  remains  pale 
yellow  in  color  (avoid  charring) .  After  the  mixture  cools, 
HCIO4  (2  ml)  is  added  and  it  is  gently  boiled  until  the  almost 
colorless  solution  gives  off  white  fumes.  The  mixture  is 
cooled,  HjO  (2  ml)  is  added,  and  the  process  is  repeated 
again.  The  solution  is  cooled,  HjO  (5  ml)  is  added,  and  the 
solution  is  quantitatively  transferred  to  a  suitable  volumet¬ 
ric  flask  and  made  to  volume. 

One  should  always  exercise  caution  when  using  hot 
concentrated  HC104.  If  HCIO4  is  heated  in  the  presence  of 
carbohydrates  or  alcohols  unstable  perchlorate  esters  will 
form  that  can  violently  and  spontaneously  explode.  Always 
perform  a  preliminary  digest  with  HCl  or  HNO3  which  will 
conpletely  oxidize  carbohydrates  and  alcohols  (23) . 

Wet  ashing  is  generally  preferred  to  dry  ashing  because 
analyte  loss  due  to  volatilization  and  retention  on  the  vessel 
wall  is  less  likely.  Other  destruction  methods  are  available 
and  are  mentioned  but  not  discussed  —  the  Parr  bomb  (a 
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pressure  system),  microwave  digestion,  fusion  techniques,  and 
plasma  ashing  (free  radical  generation) .  several  good  sources 
for  detailed  information  on  destruction  techniques  are 
available  (23,24). 

Separation  and  Preconcentration 

In  trace  metal  analysis  of  biological  sairples  it  is  often 
necessary  to  separate  the  analyte  metal  from  the  scunple  matrix 
in  order  to  reduce  interfering  substances  and/or  to  suffi¬ 
ciently  concentrate  the  metal  so  it  can  be  determined  by  AAS 
(Fig  10)  . 

Solvent  extraction  is  a  convenient  separation  technique 
because  often  separation  and  preconcentration  can  be  accom¬ 
plished  in  one  quick  and  easy  step.  A  simple  batch  separation 
technique  (Fig  11)  frequently  used  in  AAS  procedures  consists 
of  the  following:  A  volume  (say  ~30  ml)  of  pH-adjusted 
aqueous  solution  (eg,  urine)  containing  the  metal  ion  (M*)  of 
interest  is  transferred  into  a  separatory  funnel;  a  complexing 
agent  (L*)  is  added,  the  solution  is  shaken  and  a  ML  complex 
forms;  a  measured  volume  (say  -3  ml)  of  organic  solvent  is 
added,  the  two  phases  are  shaken,  and  the  ML  complex  is 
quant itav-ively  extracted  into  the  organic  phase;  the  two 
phases  are  allowed  to  separate  and  the  aqueous  phase  is 
discarded.  The  organic  phase  is  directly  aspirated  into  the 
flame  or  injected  into  the  GF.  Note  that  the  analyte  has  been 
moved  to  a  less  corrplex  solution  (ie,  many  interferants  are 
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left  in  the  aqueous  phase)  and  the  analyte  has  been  concen¬ 
trated  10  fold.  An  additional  2-5  fold  sensitivity  enhance¬ 
ment  is  normally  obtained  by  using  an  organic  solvent  in  flame 
AAS,  which  is  attributable  to  its  inproved  operating  charac¬ 
teristics  in  the  pre-mix  burner  and  flame. 

Sometimes  batch  separations  can  not  concentrate  the  metal 
enough  for  an  AAS  determination  to  be  made.  More  powerful 
preconcentration  methods  must  be  resorted  to,  such  as  multiple 
batch  separations  or  continuous  separation  techniques. 
Conprehensive  analytical  chemistry  texts  (25,  26)  and  special¬ 
ized  works  (27)  cover  analytical  separations  in  more  detail. 

Standardi2atlon 

AAS  is  a  comparative  method  which,  by  definition, 
requires  calibration  against  known  standards  in  order  for 
accurate  quantitative  results  to  be  obtained.  In  all  com¬ 
parative  methods  there  is  a  mathematical  relationship  that 
expresses  the  measured  physical  parameter  as  a  function  of 
analyte  concentration.  In  AAS,  absorbance  is  the  physical 
parameter  measured. 

Spectrophotometric  methods  obey  Beer's  Law  which  states, 
in  AAS  terms,  that  the  intensity  of  a  source  lamp  resonance 
line  passing  through  a  mass  of  absorbing  gas  decreases 
exponentially  as  the  n\imber  of  ground  state  analyte  atoms 
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increases  arithmetically.  Mathematically: 


A  =  log  ijl  =  abc 

where  A  is  absorbance,  is  incident  beam  intensity,  I  is 
transmitted  beam  intensity,  a  is  absorptivity,  b  is  the  path 
length,  and  c  is  analyte  concentration.  Since  a  and  b  are 
constants,  analyte  concentration  is  linearly  related  to 
absorbance  which  means  that  a  plot  of  A  vs.  c  results  in  a 
straight  line  calibration  curve,  at  least  within  a  limited 
concentration  range.  At  higher  analyte  concentrations  the 
straight  line  curves  downward  towards  the  concentration  axis 
due  to  loss  of  efficiency  in  the  absorption  process  (Fig  12) . 
It  should  be  noted  that  a  perfect  linear  relationship  does  not 
exist  for  the  data  points  in  the  linear  region  because 
indeterminate  errors  always  occur  in  AAS.  The  method  of  least 
squares  is  often  used  to  fit  a  straight  line  to  the  plotted 
data  points  (Fig  13) . 

In  practice,  the  analyst  prepares  a  blank  and  a  series  of 
analyte  standards  and  measures  their  absorbance.  Samples  of 
unknown  analyte  concentration  are  similarly  measured. 
Regression  analysis  of  analyte  concentration  vs.  blank- 
corrected  absorbances  is  calculated,  from  which  the  analyte 
concentration  in  the  samples  can  be  determined.  If  necessary, 
sanples  are  diluted  to  fall  within  the  concentration  range  of 
the  standards. 
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AAS  standards  can  be  prepared  in  various  ways .  The 
simplest  and  fastest  method  is  to  prepare  aqueous  standards 
over  the  concentration  range  desired.  However,  aqueous 
standards  are  often  unreliable  because  they  do  not  compensate 
for  matrix  and  interelement  effects,  incomplete  recoveries  and 
sample  contamination.  It  is  better  to  use  standards  that  have 
been  subjected  to  the  same  procedure  as  the  samples. 

It  is  important  to  match  the  standard  matrix  and  sample 
matrix  as  closely  as  possible,  since  often  absorbance  readings 
are  altered  by  the  presence  of  non-analyte  components  (eg, 
salts,  acids,  molecules)  in  the  matrix.  Matrix  matching  is 
difficult  to  do  with  complex  samples  li)ce  biological  materi¬ 
als,  One  method  of  attempting  to  overcome  this  problem  is  to 
calibrate  and  analyze  within  the  sample  matrix  itself  by  using 
the  standard  additions  method  (SAM) .  In  this  procedure  an 
aliquot  of  sample  is  analyzed.  Known  amounts  of  standard  are 
added  to  separate  aliquots  of  sample  and  their  absorbances  are 
measured.  The  increase  in  absorbance  observed  is  linearly 
related  to  the  amount  of  standard  added,  and  a  direct  compari¬ 
son  is  made  between  the  sample  absorption  and  the  increased 
absorption  due  to  the  added  standard  (Fig  14)  .  This  relation¬ 
ship  takes  the  form: 


C  =  /  (k-K) 

where  C  is  unknown  analyte  concentration  in  the  sample;  is 
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the  measured  sample  absorbance  with  no  standard  added;  is 
the  total  increase  in  analyte  concentration  after  n  additions 
of  standard  has  been  made;  and  A„  is  the  absorbance  measured 
after  n  additions  of  standard.  If  C^n  vs.  A  is  plotted,  a 
linear  relationship  is  seen;  A^,  is  the  y-intercept,  and  C  is 
found  by  extrapolating  the  best  fit  line  back  through  the  x 
axis . 

The  SAM  must  be  used  with  some  precaution.  Two  or  more 
standard  additions  should  be  used  to  insure  that  absorbance 
and  concentration  are  linear  over  the  concentration  range 
used.  If  chemical  interferences  are  observed,  they  must  be 
constant  over  the  concentration  range  used.  The  SAM  assiimes 
that  the  observed  absorbance  is  due  only  to  the  analyte  being 
determined.  Effective  background  correction  must  be  verified 
to  insure  that  erroneously  high  analyte  concentrations  are  not 
accepted.  A  good  discussion  of  SAM  calculations  and  related 
statistics  has  been  written  by  Bader  (28) . 

DBTSRMIHATION  OF  THALLimf  IN  BIOLOGIC  MATERIALS  BY  ASS 

AAS  procedures  for  the  determination  of  thallium  in 
biological  materials  have  gained  widespread  acceptance  in  the 
clinical  laboratory  because  they  are  highly  specific,  sensi¬ 
tive  and  accurate.  Since  the  flame  AAS  instrument  preceded 
the  GF  AAS  in  development,  the  early  methods  for  thallium 
determination  were  naturally  designed  for  the  former.  Flame 
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methods  are  still  applicable  in  cases  of  severe  acute  poison¬ 
ing  and  in  animal  toxicological  studies,  but  they  do  not  have 
the  DLs  required  to  detect  chronic  thallium  exposure  (ie, 
occupational  monitoring)  or  to  monitor  the  treatment  of 
thallotoxicosis .  The  literature  has  been  reviewed  by  Subrama- 
nian  (29,30)  and  Leloux  (31). 

Flame  AAS  Methods 

Thallixim  has  a  DL  of  3  ppm  in  flame  AAS  (32),  so  some 
type  of  preconcentration  step  is  necessary  in  these  methods. 
Early  flame  AAS  procedures  were  summarized  by  Zitko  (33)  and 
Van  Ormer  (34) . 

The  Wilson  and  Hausman  method  (35)  detects  microgram 
quantities  of  thallium  in  HNO3/H2O2  digested  tissue  samples 
(1-3  g)  after  neutralizing  the  digest  with  NHj,  adding  liquid 
bromine  +  HBr  and  heating  to  expel  the  excess  bromine,  and 
extracting  TlBr  into  2-octanone.  The  organic  phase  is 
aspirated  directly  into  the  flame  and  absorbance  is  measured 
at  377.6  nm.  Thallium  recoveries  of  98.2  ±  1.76%  are  ob¬ 
tained. 

Berman  (36)  determined  thalliiun  in  urine,  blood  and  acid- 
digested  tissues  by  chelation  with  diethyldithiocarbamate 
(NDDC)  and  extraction  into  methylisobutylketone  (MIBK)  .  Prior 
to  chelation/extraction  blood  samples  are  treated  with  5% 
trichloroacetic  acid  (TCA)  to  remove  proteins,  urine  samples 
are  brought  to  a  pH  of  6. 0-7. 5  with  NaOH,  and  tissue  samples 
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are  digested  with  HN03/HC10^  and  then  similarly  pH-adjusted. 
This  method  has  DL  of  -0.5  ppm  at  a  resonance  line  of  276.8 
nm;  95-110%  of  added  thallixam  was  detected  in  recovery 
studies.  The  procedure  has  been  adapted  for  GF  AAS  (37) . 

Savoy  et  al  (38)  wet-ashed  blood,  tissues  and  feces  with 
a  mixture  of  HjSO^/HNOj/HClO^ .  Thallium  is  converted  to  TlBrj 
by  addition  of  bromine  water  and  the  metal  halide  extracted 
into  diethyl  ether  which  is  evaporated  to  dryness.  The 
residue  is  dissolved  in  a  mixture  of  dilute  acid  and  aspirated 
into  the  flame,  DLs  of  0.07  ppm  (urine)  and  0.7  ppm  (blood) 
are  claimed  at  X=276.8  nm.  Nineteen  metals/anions  were  tested 
for  interference  at  various  concentrations,  and  ^1%  change  in 
absorption  by  thallium  standards  was  noted.  This  method  is 
fairly  precise;  coefficients  of  variation  (CVs)  at  different 
concentrations  ranged  from  3.5  to  6.9%,  Thallium  levels 
deteiTnined  by  this  method  were  compared  to  levels  measured  by 
the  Christian -Purdy  (39)  coulometric  method,  and  a  0.98 
correlation  coefficient  was  obtained. 

Arguably  the  most  frequently  used  procedure  for  thallium 
determination  in  biological  samples  by  flame  AAS  is  that  of 
Curry  et  al  (40)  .  Tissue  and  feces  are  acid  digested  in  a 
mixture  of  HjSO^/HNOj,  The  digest's  pH  is  adjusted  between 
5. 0-6.0  with  2.5N  NaOH  and  the  thallium  is  then  chelated  with 
1%  NDDC  (1  ml)  and  extracted  into  water-saturated  MIBK  (5  ml) 
which  is  then  nebulized  into  the  flame.  Whole  blood  (1  ml)  is 
mixed  with  5%  'TCA  (1  ml),  sha)ten  for  1  h,  then  centrifuged. 


The  supernatant  is  transfered  to  a  suitable  container  and  the 
precipitate  is  washed  with  deionized-distilled  water  (DI  H2O) 
{5  ml)  ,  stirred  and  centrifuged  again.  After  the  supernatants 
are  combined  and  the  pH  is  adjusted  to  6.0  with  IN  NaOH, 
chelation  and  extraction  are  performed  as  previously  stated. 
Urine  (2  ml)  is  adjusted  to  pH  6.0  hy  adding  either  5%  TCA  or 
2N  NaOH.  If  a  precipitate  forms,  the  mixture  is  centrifuged 
and  the  supernatant  transferred  to  a  separate  container.  The 
precipitate  is  washed  with  DI  HjO  (5  ml),  stirred  and  centri¬ 
fuged.  The  supernatants  are  combined  and  the  pH  readjusted  to 
6.0.  Chelation  and  extraction  with  NDDC  and  MIBK  (2  ml)  are 
performed  as  above  and  the  organic  phase  is  aspirated  into  the 
flame.  A  DL  of  0.04  ppm  for  MIBK-extracted  thallium  is 
obtained  vs  a  DL  of  0.2  ppm  in  aqueous  solution.  The  iitproved 
sensitivity  is  attributed  to  an  increased  saitple  aspiration 
rate,  the  formation  of  smaller  sized  droplets,  and  lower  flame 
temperature  (decreased  analyte  ionization) .  Good  thallium 
recoveries  (95-105%)  were  achieved  and  the  reasonably  low  CVs 
obtained  (3. 5-8. 5)  indicate  the  procedure  is  fairly  precise. 
A  modification  of  this  procedure  using  a  tantalum  boat 
decreases  DLs  to  the  ppb  range,  but  severe  interferences  occur 
which  necessitates  standardization  by  SAM. 

Wall  (41)  developed  a  rapid  procedure  with  sufficient 
sensitivity  for  screening  urine  in  cases  of  suspected  thal- 
lotoxicosis.  Urine  saitples  and  aqueous  standards  are  aspi¬ 
rated  directly  into  a  3-slot  Boling  burner  using  an  air/ 
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acetylene  flame.  a  DL  is  not  reported  but  ~0.1  ppm  at  the 
276.8  nm  resonance  line  can  be  inferred.  CVs  of  :S3%  were 
reported  for  urine  samples  spiked  with  0.5,  1.0  and  5.0  ppm 
thallium.  The  possiblity  of  matrix  interference  in  urine  was 
investigated  but  none  was  found  when  samples  were  aspirated 
directly  into  the  air/acetylene  flame. 

Graphite  Furnace  AAS  Methods 

GF  AAS  is  approximately  100  times  more  sensitive  than 
standard  flame  methods  for  the  determination  of  thallium  in 
biological  materials.  Until  recently,  enhanced  performance 
came  with  a  penalty  in  the  form  of  severe  matrix  interferences 
and  relatively  poor  precision  compared  to  flame  AAS.  This  was 
particularly  true  for  matrices  high  in  chloride  (Cl')  content, 
like  urine.  However,  the  development  of  commercial  GF  AAS 
instruments  incorporating  Stabilized  Temperature  Platform 
Furnace  (STPF)  (L'vov  platform,  Zeeman  background  correction, 
signal  integration,  stop-gas  during  atomization,  maximum  power 
heating  and  matrix  modification)  (42)  technology  and  powerful 
data  processing  stations  has  gone  a  long  way  towards  making  GF 
AAS  an  interference-free  technique  (30) . 

Early  GF  AAS  methods  for  thallium  determination  used 
chelation  and  extraction  steps  to  overcome  matrix  interfer¬ 
ences.  Kubasik  and  Volsin  (43)  found  direct  injection  of 
acidified  (HNOj)  urine  unsatisfactory  because  background 
interference  could  not  be  reduced  to  correctable  levels  using 


70 


the  deuterium  BCS  without  seriously  conpromising  senritivity. 
NDDC  and  MIBK  were  used  to  transfer  thallium  into  a  relatively 
matrix-free  environment,  but  SAM  was  required  for  accurate 
calibration.  A  sensitivity  of  1.5  ppb  was  achieved  using  1.6 
}il  sanples.  By  using  essentially  the  same  method  and  20  ^1 
samples,  Schaller  et  al  (44)  in^roved  the  sensitivity  to  0.3 
ppb. 

Chandler  and  Scott  (45)  reduced  urine  matrix  interference 
by  using  NDDC/toluene  to  separate  thallium  after  adjusting  the 
aqueous  phase  to  pH  7 .  The  mixed  phases  form  an  emulsion  that 
require  centrifugation  to  separate.  Calibration  is  accom¬ 
plished  by  using  thallium- spiked  pooled  urine.  By  using  an 
autosampler  to  deliver  40  Jil  samples  to  a  the  graphite  tube, 
they  achieved  good  sensitivity  (0.1  ppb  DL)  and  excellent 
precision  (3.5%  within-batch  RSD  and  4.4%  between-batch  RSD) . 
The  investigators  compared  the  performance  of  a  standard 
(uncoated)  graphite  tube,  a  pyrolytically  coated  graphite 
tube,  a  L'vov  platform  in  an  uncoated  graphite  tube,  and  an 
uncoated  graphite  tube  having  an  interlay  of  tantalum  foil . 
The  foil-lined  tube  performed  best,  enhancing  absorbance  by  a 
factor  of  2,  but  the  tantalum  survived  only  a  few  firings. 
Atomization  oft  the  wall  (uncoated  tube)  and  off  the  platform 
(L'vov  platform  uncoated  tube)  performed  equally  well. 
Interestingly,  the  uncoated  graphite  tube  performed  much 
better  than  the  pyrolytically  coated  graphite  tube. 

Grobenski  et  al  (46)  used  STPF  technology  to  develop  a 
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direct  thallium  determination  method  for  the  GF  AAS.  Urine  is 
diluted  with  2%  HNO3  and  a  10  |il  aliquot  is  injected  into  the 
GF.  The  autosanpler  then  delivers  a  10  |il  portion  of  matrix 
modifier  solution  composed  of  2%  ammonium  dihydrogen  phosphate 
(HN4H2PO4)  and  0.02%  Triton  X-100.  The  modifier  stabilizes 
thallium  and  allows  a  char  temperature  of  700°  C,  which 
removes  many  interfering  matrix  consituents  thus  reducing 
background  absorption  to  acceptable  levels.  The  authors  claim 
a  DL  of  0.13  ppb  using  a  10  |il  sample.  Pachel  and  Bailey  (47) 
used  a  similar  approach,  but  with  a  matrix  modifier  solution 
conposed  of  4%  HNO3,  10%  magnesium  nitrate  [Mg(N03)2]  ^nd  0.1% 
Triton  X-100.  Urine  is  diluted  1+1  with  the  modifier  by 
sequential  autosampler  injections  into  the  L'vov  platform 
graphite  tube.  Zeeman  background  correction  is  required  and 
matrix  matched  standards  are  used  for  standardization. 

Leloux  et  al  (48)  developed  a  direct  thallium  determi¬ 
nation  method  for  urine,  blood  and  feces  which  was  applied  in 
a  study  of  thallotoxicosis  in  rats.  Urine  and  blood  are 
injected  directly  into  the  L'vov  platform  graphite  tuber- 
tissue  and  fecal  samples  are  dissolved  in  concentrated  HNO3  at 
60-70°  C  and  their  supernatants  used  for  the  analysis.  A 
matrix  modifier  solution  conposed  of  1%  H2SO4,  2%  ascorbic  acid 
and  2%  Triton  X-100  is  used  to  reduce  chloride  interference 
and  to  increase  the  absorbance  signal.  The  temperature 
program  paramenters  used  were  dry-1  120°  C  (10  s),  dry-2  250° 
C  (20  s) ,  char  800°  C  (62  s),  atomize  1800°  C  (4.6  s),  and 
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clean-out  2600°  C  {2  s).  dLs  of  5  ppb  for  urine,  tissues  and 
feces  and  10  ppb  for  blood  are  achieved  using  4  ^il  samples  + 
2  Hi  modifier.  SAM  is  required  for  calibration.  The  authors 
note  that  ash  buildup  in  the  graphite  tube  becomes  problamatic 
when  blood  samples  are  analyzed  which  causes  memory  effects, 
diminished  sensitivity  and  reduced  precision.  The  authors 
recommend  cleaning  the  graphite  tube  periodically  by  scraping 
off  deposits  with  a  disposable  pipet  tip.  Delves  and  Shuttler 
(49)  expressed  concern  over  the  use  of  only  one  standard 
addition  for  calibration  and  suggested  that  ascorbic  acid  may 
contribute  to  the  build-up  or  residue. 

Welz  et  al  (50,51)  demonstrated  that  Cl*  interferes  with 
the  GF  determination  of  thallitim  in  two  ways  --  the  metal  can 
prematurely  volatilize  as  TlCl  (np  430°  C;  bp  720°  C  (52)) 
during  the  char  stage  of  the  tenperature  program  and  thallium 
can  combine  with  Cl*  to  form  TlCl  instead  of  elemental 
thallium  (Tl°)  during  atomization  stage.  These  researchers 
used  the  metal  palladium  [as  Pd (NO,) 2]  pre-treated  in  the  GF 
at  1000°  C  and  5%  hydrogen  as  chemical  modifiers.  Palladium 
works  by  thermally  stabilizing  thallium,  thereby  allowing 
higher  char  temperatures  which  increase  the  volatilization  of 
Cl*  species.  The  presence  of  in  the  purge  gas  enhances  the 
elimination  of  Cl*  by  promoting  the  formation  of  volatile  HCl. 
In  this  method  the  modifier  (10  |il)  and  undiluted  urine  (10 
M,l)  are  sequentially  injected  into  the  GF;  more  easily 
prepared  acid-matched  aqueous  standards  are  used  for  calibra- 
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tion  since  the  modifier  eliminates  all  Cl'  interference.  With 
its  2  ppb  DL  and  its  apparent  freedom  from  interference,  this 
method  appears  quite  promising  for  the  routine  analysis  of 
thallium  in  the  clinical  laboratory. 

CONCLDSIONS 


Thallium  is  one  of  the  most  toxic  heavy  metals  to  which 
animals  and  hximans  are  exposed.  Acute  exposure  to  high  levels 
of  thallium  produces  a  conplex  array  of  symptoms  involving  the 
peripheral  and  central  nervous  systems,  GI  system,  cardiovas¬ 
cular  system,  kidney  and  skin.  The  health  risk  of  low-level 
chronic  exposure  to  humans  and  animals  is  not  well  understood 
and  warrants  further  investigation.  The  need  for  research  in 
this  area  is  underscored  by  the  continued  development  of  new 
technologies  and  production  processes  that  use  thalliiim  and  by 
periodic  reports  in  the  literature  of  human  and  animal 
exposures  to  the  metal  (53) . 

The  molecular  basis  for  thallixim's  toxicity  has  been 
largely  ascribed  to  its  ability  to  interfere  with  K*-based 
processes  (12)  .  However,  there  is  a  growing  body  of  experi¬ 
mental  evidence  suggesting  that  other  factors  may  be  involved, 
such  as  thallium-mediated  neurochemical  changes  (in  amino  acid 
a.nd  neurotransmitter  levels)  in  the  central  nervous  system 
(54)  and  thallium-mediated  induction  of  lipid  peroxidation  in 
certain  tissues  (55) .  Work  directed  towards  identifying  and 
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characterizing  the  molecular  targets  of  thallium  toxicity 
should  continue. 

The  dire  effects  of  thallium  toxicity  were  first  docu¬ 
mented  shortly  after  the  element's  discovery.  Yet,  to  this 
date,  there  remains  to  be  discovered  a  safe  and  effective 
parenteral  antidote  for  thallotoxicosis .  More  effort  should 
be  focused  on  chelator  development  and  on  the  clinical 
evaluation  of  possible  chelator  combinations. 

Over  the  past  two  decades  AAS  has  become  the  dominant 
analytical  tool  for  the  quantification  of  thallium  levels  in 
biological  materials.  Acute  toxic  exposure  to  thallium  can  be 
quickly  and  easily  assessed  by  flame  AAS.  Reliable  methods 
are  available  for  the  detection  of  thallium  at  ppb  levels 
using  the  GF  AAS.  The  development  of  direct  methods  for  the 
determination  of  thallium  (and  other  metals)  that  exploit  the 
advantages  of  Stabilized  Tenperature  Platform  Furnace  (STPF) 
technology  will  undoubtedly  improve  the  clinical  laboratory's 
efficiency  and  responsiveness  to  the  clinician.  The  continued 
development  of  chemical  modifiers  is  key  in  this  regard. 
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TABLE  1. 

Adapted 

THALLIUM  CONTENT  (ppm)  OF  ' 
from  Fergusson  JE  (3) . 

CRUSTAL  material. 

IGNEOUS 

(mean) 

GRANITE  (mean) 

OTHER 

Basalt 

Granite 

0.08 

1.1 

Shale  1.2 

Limestone  0 . 14 

Sandstone  0.36 

Mn  nodules 

Phosphate 

Coal 

100 

<0.03-1 

0.01-2 
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TABLE  2. 

SYMPTOMS  SEEN  IN  ACUTE  THALLOTOXICOSIS 

SYSTEM 

EARLY  EFFECTS 

LATE  EFFECTS 

Gastro¬ 

intestinal 

constipation 
loss  of  appetite 
nausea  &  vomiting 
"brick  red"  mucous 

membranes  (dog/cat)  & 
tip  of  tongue  (man) 

abdominal 

pain 

Nervous 

hyperesthesia  of  soles 
of  feet 
hyperref lexia 
excessive  thirst 
sleeplessness 
psychoses,  hallucina¬ 
tions,  dementia 
convulsions,  coma 

hypoesthesia 

areflexia  (10-15  d) 
inability  to  walk 

Cardio¬ 

vascular 

tachycardia 
moderate  increase  in 
blood  pressure 
arrhythmias 

Renal 

albuminuria 

occassionally  RBCs,  WBCs 
and  casts  in  urine 

Skin 

anhydrosis;  dry  scaly 
skin;  acne 

black  pigmentation  of 
hair  roots 

alopecia  (10-20  d) 

semilunar  white 
stripes  on  nails 
(Mee's  lines) 
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TABLB  3.  SYMPTOMS  OF  SUBACUTE  AND  CHRONIC  THALLOTOXICOSIS 


SYSTEM 

SYMPTOMS 

Gastro- 

Nausea /vomiting;  anorexia;  weight  loss; 

intestinal 

stomatitis 

Nervous 

Paresthesia  to  definite  peripheral  polyneuri¬ 
tis  {particulary  of  the  lower  extremities) ; 
ataxia;  muscle/ joint  pain;  aptosis; 
strabismis;  facial  palsy;  mydriasis; 
psychotic  signs  (permanent  neurological 
and  psychiatric  disturbances  may  occur) 

Cardio- 

tachycardia,  transient  EKG  changes; 

vascular 

arrhytlunias 

Renal 

albuminuria 

Skin 

delayed  alopecia  (weeks  or  months) 
black  pigmentation  of  hair  roots 
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CAPTIONS 


Figure  1.  Atomic  absorption  spectroscopy  (AAS)  is  an  ana¬ 
lytical  technique  for  quantifying  metal  (analyte)  concentra¬ 
tions  in  biologic  samples,  based  on  the  absorption  of  radia¬ 
tion  by  free  atoms  of  the  analyte  of  interest.  The  atomizer 
heats  the  sample  to  create  population  of  free  atoms  (atomic 
vapor) .  The  light  source  emits  the  spectrum  of  the  analyte  of 
interest.  The  light  beam  contains  a  resonance  line  (X,*)  of 
intensity  (Iq)  ,  that  is  partially  absorbed  by  free  analyte 
atoms  in  sample  cell  (atomizer)  to  produce  a  transmitted  light 
beam  of  intensity  (I)  .  A  monochromator  and  a  narrow  slit- 
width  (bandpass«2  nm)  isolate  from  other  emitted  spectral 
lines  (Xe)  .  The  detector  measures  radiation  intensity,  which 
is  converted  to  an  absorbance  signal  that  is  proportionate  to 
the  analyte  concentration  in  the  sample,  A  =  log  do/ 1)  =  )c  C, 


Figure  2.  All  absorption  spectrometers  have  components  that 
fulfill  3  basic  requirements.  There  must  be  a  light  source, 
a  sample  cell  and  a  means  of  specific  light  measurement.  A 
graphite  furnace  replaces  the  flame  burner  assembly  in 
electrothermal  AAS.  (From  56,  with  permission.) 

Figure  3.  Optical  paths  for  the  single  beam  (top)  and  double¬ 
beam  (bottom)  systems.  (From  56,  with  permission.) 
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Figure  4.  The  Perkin-Elmer  AS-3  autosampler.  (From  56,  with 
permission. ) 

Figure  5,  Schematic  of  a  pre-mix  burner.  (From  57,  with 
permission. ) 

Figure  6.  Pulse-nebulization  technique.  Small  sample  volumes 
are  injected  into  a  teflon  funnel.  (From  57,  with  permis¬ 
sion  . ) 

Figure  7.  Graphite  furnace  tube  with  L'vov  platform. 

Figure  8.  Cross  section  of  the  Perkin-Elmer  graphite  furnace. 
Inert  gas  is  introduced  at  both  ends  of  t  le  graphite  tube  to 
prevent  thermal  oxidation  of  the  tube  and  oxide  formation  of 
the  free  analyte  atoms.  (From  56,  with  permission.) 

Figure  9.  The  background  correction  system  uses  a  continuum 
source  (deuterium  lamp)  to  measure  non-atomic  absorption  (BG)  , 
which  is  subtracted  from  the  combined  atomic  and  non-atomic 
absorption  signal  (AA+BG)  of  the  primary  source  to  produce  a 
readout  that  indicates  true  atomic  absorption  (AA=  [AA+BG] -BG)  . 
(From  56,  with  permission.) 
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Figure  10.  Extraction  of  a  chelated  metal  ion  into  the 
organic  phase.  It  is  assumed  that  M"*  is  the  predominant  form 
of  the  metal  in  aqueous  solution  and  that  ML^  is  the  predomi¬ 
nant  form  in  the  organic  phase. 

Figure  11.  Apparatus  used  in  batch  extraction.  A  =  Separatory 
funnel,  B  =  Centrifuge  tube.  (From  27,  with  permission.) 

Figure  12.  AAS  calibration  curve.  At  higher  concentrations, 
the  calibration  curve  departs  from  linearity.  The  most 
accurate  measurements  are  those  falling  in  the  center  of  the 
linear  portion  of  the  calibration  curve,  whereas  the  least 
accurate  measurements  are  those  obtained  from  the  upper  part 
of  the  curve. 

Figure  13.  AAS  calibration  curve.  Analyte  standards  falling 
in  the  linear  region  of  the  calibration  curve  are  fitted  with 
a  calibration  line  by  linear  regression.  The  analyte  concen¬ 
tration  in  the  sample  is  found  by  rearranging  the  linear 
regression  equation  and  solving  for  x  =  ty-b] /m  = 

[y-0.0009] /0.9997. 

Figure  14.  Calibration  by  the  standard  addition  method  is 
used  for  analyte  determinations  in  complex  matrices  displaying 
unpredictable  degrees  of  interference. 
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CHAPTER  3 


A  STUDY  OP  THE  ANTIDOTAL  EFFICACY  OF 
2,3-DIMERCAPTO-l-PROPANESULFONIC  ACID  AND  PRUSSIAN  BLUE  IN 
THE  TREATMENT  OF  ACUTE  THALLOTOXICOSIS  IN  RATS 


James  P.  Mulkey  and  Frederick  W.  Oehme 
Comparative  Toxicology  Laboratories 
Kansas  State  University 
Manhattan,  KS  66506 
(913)  532-4334 
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ABSTRACT 


A  Study  of  the  Antidotal  Efficacy  of  2 , 3-Dimercapto-l- 
propanesulfonic  Acid  and  Prussian  Blue  in  the  Treatment  of 
Acute  Thallotoxicosis  in  Rats.  Mulkey,  J.P.  and  Oehme, 

F.W.  (1993)  .  Fundam.  Appl.  'ipxicol .  _ , _ - _ . 

Thallium  (Tl)  is  a  highly  toxic  cumulative  poison  in 
animals  and  man.  Unithiol  (2 , 3-dimercapto-l-propanesulfonic 
acid,  DMPS)  and  prussian  blue  (potassium  ferric  hexacyano- 
ferrate(II),  PB) ,  given  alone  and  in  combination,  were 
evaluated  as  antidotes  in  the  treatment  of  acute  thallotoxi¬ 
cosis  in  male  Sprauge-Dawley  rats.  Animals  were  poisoned  with 
equivalent  doses  of  20  mg  Tl/kg  BW  po  on  day  0,  using  thallous 
sulfate.  On  day  1  (24  h  later),  antidotal  treatments  began 
and  were  continued  through  day  4  as  follows:  50  mg  PB/kg  BW 
po,  2/d;  5  mg  DMPS/kg  BW  ip,  6/d  (day  1)  ,  4/d  (day  2)  ,  2/d 
(days  3-4)  ;  or  their  combination.  Animals  were  sacrificed  by 
ip  injection  of  sodium  phenobarbital  24  h  after  the  last 
antidotal  treatment  (day  5)  and  tissue  samples  collected. 
Thallium  concentrations  in  kidney,  liver,  heart,  brain,  whole 
blood  and  feces  were  determined  by  electrothermal  atomic 
absorption  spectroscopy.  The  relative  accumulation  of  Tl  in 
organs  was  kidney»heart>liver«brain.  PB  induced  significant 
decorporation  of  Tl  from  all  tissues.  DMPS  failed  to  signifi¬ 
cantly  decrease  the  Tl  content  in  any  organ,  but  significantly 
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decreased  the  Tl  content  in  whole  blood.  PB+DMPS  treatment 


significantly  decreased  the  Tl  content  in  all  organs,  but  to 
no  greater  extent  than  PB  alone.  PB  and  PB+DMPS  treatments 
significantly  increased  the  Tl  content  of  feces,  whereas  DMPS 
treatment  alone  produced  little  effect.  This  study  indicates 
that  PB  is  a  beneficial  antidote  in  the  treatment  of  acute 
thallotoxicosis  in  rats.  The  failure  of  DMPS  to  significantly 
decrease  the  Tl  content  in  4  target  organs  suggests  it  would 
not  be  useful  in  the  treatment  of  Tl  poisoning. 
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dimercapto-l-propanesulfonic  acid. 
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IMTRODDCTIC»l 


Thallium  (Tl)  is  one  of  the  nK)St  toxic  heavy  metals  to 
animals  (LD50  -30  mg/kg,  rat)  and  humans  (LD^o  8-12  mg/kg) 
(Downs  et  aJ . ,  1960;  Smith  and  Carson,  1977;  Goyer,  1991). 
Its  continued  use  as  a  rodenticide  in  many  developing  coun¬ 
tries  accounts  for  the  nximber  of  accidental  and  intentional 
poisonings  reported  (Ben-Assa,  1982;  Hakala,  1984;  Zhou  and 
Lin,  1985;  Pai,  1987;  Rangel -Guerra  et  al . ,  1990).  Thallium's 
unique  physico-chemical  properties  have  spurred  its  increasing 
use  in  an  expanding  number  of  new  technologies  such  as  high- 
teirperature  ceramic  superconductor  materials  (Wahlbeck  et  al. , 
1991;  Betz  et  aJ . ,  1992),  thus  underscoring  concern  about 
exposure  risk  to  animals  and  humans  (Sabbioni  et  al.,  1984; 
Hapke,  1990)  . 

Water-soluble  Tl  salts  are  rapidly  and  completely 
absorbed  from  the  respiratory  and  gastrointestinal  (GI) 
systems  or  skin,  and  are  widely  distributed  to  organs  and 
tissues,  including  the  brain,  heart,  kidney,  skeletal  muscle 
and  testis,  Tl's  principal  target  organs  (Sabbioni  et  al., 
1980)  .  Because  Tl  and  potassium  cations  (K*)  share  the  same 
charge  and  similar  ionic  radii,  Tl’  follows  K’  distribution 
pathways  and  alters  a  number  of  K-dependent  processes  (Gehring 
and  Hammond,  1967)  .  Free  plasma  Tl’  rapidly  moves  to  the 
intracellular  compartment,  as  indicated  by  its  short  half-life 
in  blood  (tH=196  min)  and  large  apparent  volumes  of  distribu- 
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tion  (Vl)||),  i.e.,  20  L/kg  for  plasma  and  5-6  L/kg  for  whole 
blood  (Rauws,  1974;  Lameijer  and  van  Zwieten,  1977)  .  The 
metal  is  only  slowly  excreted  in  feces,  urine,  hair  and 
secretory  products  of  humans  and  animals;  therefore  it  is 
considered  a  cumulative  poison.  Possible  toxic  mechanisms  of 
T1  include  ligand  formation  with  protein  sulfhydryl  (-SH) 
groups,  inhibition  of  cellular  respiration,  interaction  with 
riboflavin  and  riboflavin-based  cofactors,  and  disruption  of 
calcium  homeostasis  (Mulk^  and  Oehme,  1993a;  .  The  principal 
clinical  features  of  thallotoxicosis  are  gastroenteritis, 
peripheral  neuropathy  and  alopecia.  The  toxicity  of  Tl  has 
been  the  subject  of  several  reviews  (Oehme,  1972;  Saddique  and 
Peterson,  1983;  Manzo  and  Sabbioni,  1988;  Mulkey  and  Oehme, 
1993a)  . 

The  treatment  objective  in  Tl  poisoning  is  to  enhance  the 
metal's  elimination  without  promoting  redistribution  to  target 
organs,  particularly  the  brain.  To  chis  end,  the  therapeutic 
efficacy  of  different  heavy  metal  chelators  has  been  investi¬ 
gated  in  attenpts  to  find  an  effective  antidote  for  thallotox¬ 
icosis.  Tl*  is  categorized  as  a  soft  acid  under  Pearson's 
(1968)  Hard-Soft -Acid-Base  (HSAB)  system,  and  as  such  tends  to 
form  stable  metal-ligand  (ML)  complexes  with  soft  bases  such 
as  -SH  containing  conpounds.  Thus  the  ineffectiveness  of 
polyaminocarboxylic  acids  (e.g.,  ethylenediaminetetraacetic 
acid  and  diethylenetriaminepentaacetic  acid)  in  the  treatment 
of  Tl  poisoning  is  not  surprising,  since  these  conpounds  are 
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considered  hard  bases  (Catsch  and  Hairmuth-Hoene,  1979)  . 
Dithiocarb  (sodium  diethyldithiocarbamate)  forms  a  stable 
lipophilic  complex  with  Tl^  in  vitro,  but  was  found  to 
increase  brain  Tl  concentration  (Kamerbeek  et  al.,  1971). 
Lund  (1956)  found  dithizone  (diphenyldithiocarbazone)  formed 
a  stable  ML  complex  with  Tl*,  thereby  increasing  the  metal's 
urinary  elimination  in  laboratory  animals.  But  in  human 
trials  dithizone  produced  equivocal  results  (Chamberlain  et 
al.,  1958) ,  and  other  studies  showed  it  to  be  diabetogenic  and 
goitrogenic  (Kadota  and  Midorikawa,  1951;  Jensen  and  Kjersulf- 
Jensen,  1945)  .  Other  sulfur-containing  compounds,  dimercaprol 
(British  anti -Lewisite,  BAL) ,  D-penicillamine  (PA),  and 
cysteine  yielded  negative  or  equivocal  results  (Catsch  and 
Harmuth-Hoene ,  1979) . 

Potassium  (as  KCl)  enhances  urinary  excretion  of  Tl 
(Gehring  and  Hammond,  1967;  Chamerlain  et  al.,  1958),  possibly 
by  displacing  Tl  from  intracellular  storage  sites;  but  by 
raising  serum  Tl  levels,  K*  also  increases  the  risk  of  Tl 
redistribution  to  target  organs  (Nogu4  et  al.,  1982-1983). 

The  most  effective  Tl  chelator  yet  discovered  is  the 
inorganic  dye,  prussian  blue  (potassium  ferric  hexacyano- 
ferrate.(II) ,  PB)  (Stevens  et  al.,  1974).  Given  orally,  this 
non -absorbable  compound  adsorbs  Tl*  within  its  crystal 
lattice,  thereby  interrupting  the  toxic  metal's  enterohepatic 
circulation  (Rauws,  1974)  .  Found  to  be  essentially  non-toxic 
(Heydlauf,  1969),  PB  greatly  enhances  the  fecal  elimination  of 
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T1  (Thonpson,  1981;  Lehman  and  Favari,  1984)  . 

The  use  of  2  or  more  antidotes,  each  using  different 
modes  of  action  to  remove  toxic  metals,  has  been  recognized  as 
a  useful  therapeutic  approach  for  several  years.  This  so- 
called  synergistic  chelate  therapy  has  produced  positive 
results  in  a  number  of  heavy  metal  toxicities  (Jones,  1983) . 
Recently,  Rios  and  Monroy-Noyola  (1992)  demonstrated  that  the 
combined  use  of  PA  and  PB  in  rats  provided  significantly 
greater  protection  against  T1  poisoning  than  PA  or  PB  alone, 
and  suggested  that  a  synergistic  interaction  between  the  2 
antidotes  may  be  operative.  This  finding  is  surprising 
because  PA  is  known  to  promote  T1  redistribution  to  the  brain. 
Additionally,  it  raises  the  possibility  of  finding  therapeutic 
roles  for  conpounds  presently  considered  ineffective  when  used 
singly  by  employing  them  in  synergistic  chelate  therapy 
regimens  to  combat  metal  toxicity. 

The  therapeutic  effectiveness  of  the  heavy -metal  chelator 
Unithiol  (2 , 3-dimercapto-l-propanesulfonic  acid,  DMPS) ,  a 
water-soluble  analog  of  BAL,  has  been  appreciated  for  more 
than  30  years  in  Russia,  China  and  Japan.  Coirpared  to  BAL, 
DMPS  is  chemically  stable,  much  less  toxic  (LD50  5.02  mmol /kg 
vs.  0.72  mmol/kg  BAL  (ip,mice)),  and  can  be  given  orally 
(Aaseth,  1983)  .  In  Russia  ladPS  is  the  antidote  of  choice  for 
inorganic  mercury  poisoning.  Thallium  and  inorganic  mercury 
compounds  (i.e.,  mercuric  chloride,  HgCl2)  share  similar 
distribution  patterns  and  target  organs  in  mammals  (Aaseth, 
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1983;  Aposhian,  1983)  and  possess  similar  physico-chemical 
properties,  as  is  expected  of  neighboring  elements  in  the 
periodic  table.  Although  the  therapeutic  effectiveness  of 
DMPS  has  been  reported  for  a  niimber  of  heavy  metals  (Aposhian, 
1983),  including  the  HSAB  soft-acid  cations  Hg^*  and  silver 
(Ag*) ,  we  are  unaware  of  any  reports  concerning  the  use  of 
DMPS  for  T1  poisoning. 

This  study  was  designed  to  coitpare  the  antidotal  efficacy 
of  DMPS  to  the  well -characterized  efficacy  of  PB  in  acute  T1 
exposure,  and  to  cortqpare  the  efficacy  of  the  combined  use  of 
DMPS  and  PB  to  the  single  use  of  these  heavy  metal  antidotes. 


MATERIALS  AND  METHODS 


Protocol 

A  total  of  51  male  Sprauge-Dawley  rats  weighing  200-250 
g  were  acclimated  for  5  d  in  the  Animal  Resource  Facility 
(ARF) ,  Kansas  State  University,  Manhattan,  KS.  They  were 
housed  in  a  room  maintained  at  a  temperature  between  22  and  24 
®C  with  a  light; dark  cycle  of  12  h  and  were  fed  ARF  3  Lab  Chow 
(Kansas  State  University  Feed  Processing  Center,  Manhattan, 
KS)  and. tap  water  ad  libitum  before  and  during  the  study.  The 
animals  were  randomly  assigned  to  6  different  treatment  (T)  or 
non-treatment  (NT)  groups,  fasted  for  12  h  prior  to  intoxica¬ 
tion,  and  then  dosed  by  gavage  with  24.70  mg  Tl2S04/kg  BW  (20 
mg  Tl/kg  BW)  (Fisher  Scientific,  St.  Louis,  MO;  Lot  T-89 
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784912;  FW  504.8)  dissolved  in  deionized-distilled  water 
(DDW) . 

The  rats  were  allocated  to  the  6  different  groups  as 
follows:  30  animals  were  placed  into  3  T  groups  (received 

antidote)  of  10  animals  each;  21  animals  were  assigned  into  3 
NT  (received  no  antidote)  groups  of  7  animals  each.  A 
separate  group  of  18  rats  served  as  negative  controls, 
receiving  no  T1  nor  antidotal  treatment.  The  PB  treatment 
group  (Tpb)  animals  received  50  mg  PB/kg  BW  suspended  in  1% 
Tween-80  (-0.7  ml),  twice  daily.  The  DMPS  treatment  group 
(Tdmps)  rats  received  5  mg  DMPS/kg  BW  dissolved  in  DDW  ip  (-0.5 
ml)  6  times  daily  on  day  1,  4  times  daily  on  day  2,  and  twice 
daily  on  days  3-4.  The  PB+DMPS  treatment  group  (Tpa^nups) 
animals  received  both  antidotes  in  the  same  doses  and  by  the 
same  routes  described  above.  The  3  NT  groups  (NTpa,  NTdmpsi 
NTpB*ij„ps)  were  given  the  same  volume  of  suspending  vehicle  as 
their  T-group  counterparts  (1%  Tween-8C,  DDW  and  Tween-80+DDW, 
respectively) .  Antidotal  treatment  began  24  h  after  dosing 
with  T1  and  was  maintained  for  4  d  (Table  1) .  Body  weights 
were  taken  daily.  The  rats  were  closely  monitored  for  adverse 
affects  after  T1  administration  and  during  antidotal  treat¬ 
ment  . 

Sample  Collection 

The  rats  were  sacrificed  by  a  lethal  ip  injection  of  0.5 
ml  sodium  phenobarbital  (Anthony  Products,  Arcadia,  CA;  lot 
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9104)  24  h  after  the  last  antidotal  treatment  (day  5)  .  Blood 
san?)les  were  collected  by  intracardial  puncture  using  10  ml 
plastic  syringes  and  12-gauge  stainless-steel  needles,  and 
transferred  into  heparinized  (Elkin-Sinn,  Cherry  Hill,  NJ;  lot 
101013)  20  ml  pyrex  test  tubes.  Brain,  liver  and  kidneys  were 
removed,  weighed  and  stored  individually  in  plastic  specimen 
bags.  Fecal  samples  (pellets)  were  removed  from  the  large 
intestine,  weighed  and  then  stored  in  specimen  bags.  Saiiple 
collection  required  ~10  min/animal  and  samples  were  stored  at 
-20  °C  until  analyzed. 

Thallium  Analysis 

Thallium  concentrations  in  samples  were  determined  by 
electrothermal  atomic  absorption  spectrometry  (ET-AAS) 
(Perkin-Elmer  Model  306  AAS  equipped  with  a  GF  2200  graphite 
furnace)  using  the  Curry  et  aJ.  (1969)  procedure  as  modified 
by  us.  Tissue  and  fecal  samples  were  wet  ashed  with  1  ml 
concentrated  HjSO^  (Fisher  trace  metal  grade,  St.  Louis,  MO) 
and  3  ml  concentrated  HNO3  (Fisher  trace  metal  grade,  St. 
Louis,  MO)  on  a  Corning  hotplate  at  70  ‘'C.  The  saitple  digests 
were  taken  to  a  residual  volume  of  -1  ml  and  quantitatively 
transferred  to  acid-washed  50  ml  polypropylene  centrifuge 
tubes,  then  adjusted  to  pH  6.0  ±  0.1  with  6N  NaOH  (Fisher 
trace  metal  grade,  St.  Louis,  MO).  Freshly  prepared  2%  (w/v) 
sodium  diethyldithiocarbamic  acid  (NDDC)  (1  ml)  was  added  and 
the  mixture  shaken  by  hand  for  2  min  to  allow  chelate  complex 
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formation.  Water-saturated  methylisobutylketone  (MIBK) 
(Fisher,  St.  Louis,  MO)  (1-5  ml)  was  added  and  the  mixture 
shalcen  by  hand  for  3  min  to  extract  the  Tl-NDDC  chelate 
con^ilex  into  the  organic  phase.  The  sanples  were  then 
centrifuged  at  2500  rpm  for  10  min  to  facilitate  separation  of 
the  2  immiscible  phases.  Aliquots  of  the  upper  organic  phase 
(15  jil)  were  manually  pipetted  into  the  graphite  furnace  and 
peak  heights  recorded  by  a  Perkin-Elmer  Model  56  recorder. 
Blood  samples  were  pretreated  with  an  equal  volume  of  5%  (w/v) 
trichloroacetic  acid  (TCA)  (Fisher,  St.  Louis,  MO)  and  shaken 
for  1  h  to  precipitate  proteins.  The  mixture  was  centrifuged 
at  2500  rpm  for  10  min  and  the  supernatant  transferred  to  a 
clean  polypropylene  centrifuge  tube.  The  supernatant  was  then 
pH-adjusted,  chelated  with  NDDC,  extracted  with  MIBK,  and 
analyzed  as  above.  Standards  were  prepared  in  an  identical 
manner  using  Tl-free  rat  tissues,  feces  and  blood  spiked  with 
known  eunounts  of  the  metal.  All  glass  and  plasticware  were 
soaked  for  24  h  in  a  20%  (v/v)  HCl  bath,  then  soaked  for  24  h 
in  a  20%  (v/v)  HNO,  bath,  and  thoroughly  rinsed  with  DDW  and 
air-dried  prior  to  use.  Hie  safety  precautions  required  for 
acid-digestion  of  biologic  materials  has  been  presented 
elsewhere  (Mulkey  and  Oehme,  1993b) . 

The  accuracy  of  the  method  was  assessed  Ijy  recovery 
studies.  A  series  of  5  liver  and  5  blood  sartples  were  spiked 
with  0.5,  1.0  or  10.0  Jig  T1  using  a  Tl  nitrate  standard  (SPEX 
Industries,  Edison,  NJ)  and  then  analyzed  using  the  procedure 


115 


described  above.  Recoveries  ranged  from  96  to  101%  for  the 
liver  samples  and  from  95  to  103%  for  the  blood  samples.  The 
precision  of  the  method,  expressed  as  the  coefficient  of 
variation  for  liver  and  blood  samples  spiked  with  1.0  ^g  Tl, 
was  12  and  14%,  respectively. 

Statistical  Analysis 

The  experimental  unit  in  this  study  was  the  individual 
rat.  A  statistical  software  package,  SAS  version  6.03,  was 
used  for  data  analysis  (SAS  Institute,  Inc.,  1988).  Body 
weight,  weight  gain,  organ  weight /body  weight  (OW/BW)  ratio, 
and  Tl  content  data  for  each  experimental  group  were  examined 
for  homogeneity  of  variance  using  Barlett's  test  and  then 
compared  by  analysis  of  variance  techniques  (Gad  and  Weill, 
1986)  using  SAS  PROC  GLM,  Groups  showing  significant  differ¬ 
ences  were  further  evaluated  by  multiple  comparison  testing 
using  the  Tukey-Kramer  procedure  (all  data)  or  Duncan's 
multiple  range  test  (weight  gain  and  OW/BW  ratio  data  only) 
(Ott,  1988) .  Survival  rates  for  different  groups  were  tested 
by  the  rxc  chi-square  test  using  SAS  PROC  FREQ  and  no  signifi¬ 
cant  differences  were  found.  The  0.05  level  of  probability 
was  used  as  the  criterion  of  significance.  Data  are  expressed 
as  the  mean  ±  standard  error  (x  ±  SE)  unless  otherwise 
indicated. 
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RBSXTLTS 


The  3  NT  groups  displayed  overt  signs  of  toxicity  after 
being  dosed  with  the  equivalent  of  20  mg  Tl/kg  BW  po,  as 
evidenced  by  a  marked  decrease  in  weight  gain  after  exposure 
to  the  metal  (Fig.  1)  .  The  Tj^ps  group  had  only  slightly 
greater  weight  gain  than  the  NTn^ps  group.  Both  the  Tp^  and 
TpB*DMPs  groups  had  much  better  weight  gain  after  Tl  intoxication 
than  their  respective  lontreated  control  groups.  The  post¬ 
exposure  weight -gain  rates  of  the  Tpg  and  Tpa^u^ps  groups  were 
only  moderately  reduced  (97  and  83%,  respectively)  compared  to 
their  pre-exposure  weight-gain  rates.  Clinical  manifestations 
of  acute  Tl  toxicity  in  NT  group  animals  included  diarrhea, 
slight  tremor  and  gross  hair  loss  upon  handling  (days  4-5) , 
whereas  no  such  effects  were  observed  in  T  group  animals, 
except  for  diarrhea  and  tremor  in  2  NTj^pg  animals.  NTpp  and 
NTjj„p3  had  1  mortality  each  and  NTpa^nips  had  2  mortalities 
(n=7/gp)  in  contrast  to  the  3  T  groups  (n=10/gp)  which  had  no 
deaths  (Fig.  2) . 

Organ  Weight/Body  Weight  Ratios 

Organ  weight/body  weight  (OW/BW)  ratio  data  showed  slight 
differences  between  T  and  NT  groups  with  the  exception  of  the 
Tdups  group,  which  had  significantly  lower  liver  and  kidney 
OW/BW  ratios  than  its  corresponding  NT  group  (pSO.05)  (Fig. 
3)  . 
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Thallium  Content  -  Body  Organs 

The  T1  content  of  selected  body  organs  5  d  after  T1 
exposure  is  depicted  in  Fig.  4.  We  observed  significant 
differences  in  the  organ  distribution  pattern  of  Tl.  The 
relative  accumulation  of  Tl  in  body  organs  was  kidney » 
heart>liver»brain,  with  kidney  acctimulation  of  Tl  signifi¬ 
cantly  greater  (p^O.Ol)  than  in  other  organs.  The  pattern  of 
Tl  deposition  observed  in  this  work  and  the  Tl  concentrations 
in  blood  and  feces  (discussed  below)  are  in  agreement  with 
findings  in  previous  studies  (Thyresson,  1951;  Sabbioni  et 
al.,  1980;  Manzo  et  al.,  1983;  Rios  et  al.,  1989;  Mulkey  and 
Oehme,  1993c) . 

The  TpB  group  had  significantly  lower  (30-50%  of  NTpe 
group)  Tl  content  in  all  organs  compared  to  the  NTpp  group 
(piO.05,  brain,  liver,  heart;  p^O.Ol,  kidney).  The  Tpb,dmps 
group  had  significantly  reduced  (30-47%  of  NTpb^dbps  group)  Tl 
content  than  the  NTpb^dhps  group  (p^0.05,  brain,  liver,  heart; 
p^O.Ol,  kidney).  In  the  Tpg  and  TpB^Mps  groups,  more  than  a  3- 
fold  reduction  in  brain  (critical  target  organ)  Tl  levels 
occurred  compared  to  the  NTpB  and  NTpB*M,ps  groups;  in  contrast 
to  the  Tbmps  group,  where  only  a  minor  decrease  in  Tl  levels 
were  noted. 

Thallium  Content  -  Blood  and  Feces 

Fig.  5  shows  the  Tl  content  of  whole  blood  and  feces 
obtained  at  necropsy.  The  Tpg  group  had  a  significantly  lower 
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(15%  of  NTpB  group)  T1  concentration  in  blood  coitpared  to  the 
NTpB  group  (p^O.05).  The  Tdhps  and  TpB*»ips  groups  had  highly 
significant  decreases  (5  and  3%  of  NTu^ps  and  NTpb*m«ps  groups, 
respectively)  in  blood  Tl  concentrations  compared  to  the 
NTdmps  and  NTpB^DMPs  groups  (ptSO.Ol)  .  The  Tpp  and  TpB,»,ps  groups  had 
2.2-fold  and  2.0-fold  greater  fecal  Tl  content  compared  to 
their  respective  control  groups  (p^O.05  and  p^O.Ol,  respec¬ 
tively)  .  The  difference  between  Tomps  and  NT^^ps  group  fecal  Tl 
content  was  negligible. 


DISCUSSION 


As  evidenced  by  demonstrable  clinical  effects  and  as  seen 
in  Fig.  2,  the  Tl  dosage  used  in  this  study  was  high  enough  to 
cause  acute  toxicity  in  NT  group  animals.  At  least  1  rat  died 
in  each  NT  group.  As  expected,  the  PB-treated  animals  were 
protected  from  the  effects  of  Tl.  None  of  the  DMPS-treated 
animals  died  or  showed  signs  of  acute  toxicity,  despite 
accumulating  substantial  concentrations  of  Tl  in  several 
critical  organs  (Fig.  4)  .  A  possible  explanation  for  this 
observation  is  that  DMPS  provided  a  protective  effect  against 
Tl  poisoning  by  some  undetermined  mechanism  (e.g.,  in  situ 
inhibition  of  Tl's  biologic  activity)  not  measurable  in  terms 
of  organ  Tl  content.  Drawing  such  a  conclusion,  however,  must 
be  viewed  with  considerable  skepticism.  A  more  reasonable 
explanation  for  the  lack  of  deaths  in  the  To„ps  group  is  that 
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the  sairple  size  of  this  group  (n=10)  was  not  large  enough  to 
detect  the  low  incidence  of  lethal  effect. 

This  study  clearly  shows  that  PB  is  an  effective  antidote 
in  the  treatment  of  thallotoxicosis .  Prussian  blue  interrupts 
the  enterohepatic  circulation  of  T1  by  adsorbing  the  metal  ion 
within  its  crystal  lattice  (Rauws,  1974;  Lehmann  and  Favari, 
1984) ,  but  the  extent  to  which  this  occurs  in  vivo  is  not  well 
known.  Treatment  with  PB  probably  resulted  in  the  enteral 
dialysis  of  Tl*;  its  reabsorption  from  the  GI  tract  was 
blocked  by  adsorption  to  the  cortqplex  cyanoferrate  clathrate 
(Dvorak,  1969) .  Thus,  fecal  Tl*  levels  were  significantly 
raised  and  tissue  T1  levels  were  markedly  reduced.  The  ion- 
exchange  action  of  PB  probably  played  the  principal  role  in 
protecting  the  Tpb*d«ps  group  animals  from  acute  Tl  toxicity. 

Deductively,  DMPS  would  be  expected  to  decrease  the  body 
burden  of  Tl  in  vivo.  The  stability  constant  for  the  Tl-DMPS 
chelate  complex  is  1.43x10^’  (Martell  and  Smith,  1982) . 
Moreover,  DMPS  has  been  shown  effective  in  enhancing  the 
decorporation  of  other  HSAB  soft-acid  metal  ions,  Ag*  and  Hg^* 
(Gabard,  1976;  Aaseth,  1983) .  The  observation  that  DMPS 
enhances  the  biliary  excretion  of  (Cikrt  and  Tichy, 
1980)  provides  a  mechanistic  basis  for  presuming  that  DMPS  and 
PB  would  interact  cooperatively  to  reduce  Tl  levels  in  acutely 
intoxicated  rats.  However,  this  was  not  the  case.  DMPS 
alone  only  marginally  reduced  organ  Tl  levels  in  the  T  group 
coirpared  to  its  NT-group  counterpart.  Joint  administration  of 
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PB  and  DMPS  likewise  produced  unremarkable  results.  The 
distribution  of  DMPS,  a  hydrophilic  compound,  is  largely 
confined  to  the  extracellular  space  (Catsch  and  Harmuth-Hoene, 
1976;  Gabard,  1978)  .  DMPS's  ineffectiveness  in  the  treatment 
thallium  toxicity  may  be  due  to  its  inability  to  access 
intracellular  Tl  deposits. 

PB  enhanced  fecal  elimination  of  Tl,  but  DMPS  only 
marginally  increased  fecal  Tl  elimination.  The  reduced  fecal 
Tl  level  observed  in  the  Tpg^DHps  group  was  likely  due  to 
enhanced  urinary  elimination  of  the  metal,  but  this  hypothesis 
was  not  proven  in  our  study. 

PB  and  DMPS  significantly  reduced  the  Tl  concentration  in 
whole  blood.  In  blood,  the  PB+DMPS  combination  appeared  to 
have  had  some  cooperative  effect  in  that  Tl  levels  were 
reduced  5-  and  1.6-fold  compared  to  administration  of  the 
single  antidotes. 

Examination  of  OW/BW  ratio  data  (Fig.  3)  suggests  that 
the  Tdmps  group  experienced  hepatic  and  renal  toxicity.  This 
effect  was  not  observed  in  the  Tpb+m,ps  group.  DMPS  has  been 
reported  non-toxic  at  the  dose  (5  mg  DMPS/kg  BW  ip)  used  in 
this  study  (Planas-Bohne  et  aJ.,  1980;  Aposhian,  1983).  The 
change  in  OW/BW  ratios  in  these  organs  are  likely  due  to 
increased  Tl  levels  caused  by  mobilization  of  plasma  Tl  to 
kidney  and  liver  as  a  Tl-DMPS  complex,  rather  than  to  intrin¬ 
sic  toxicity  of  the  chelator  itself. 

This  study  has  shown  that  PB  is  an  effective  antidote  for 
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acute  T1  toxicity  in  rats,  as  evidenced  by  its  ability  to 
reduce  T1  levels  in  4  target  organs  --  kidney,  liver,  heart 
and  brain.  In  contrast,  the  sole  administration  of  DMPS 
failed  to  mobilize  Tl  in  any  organ.  The  combined  use  of 
PB+DMPS  produced  no  significant  changes  in  Tl  levels  in  target 
organs  corrpared  to  the  use  of  PB  alone.  The  chelator  combina¬ 
tion  significantly  reduced  Tl  concentrations  in  whole  blood. 
Based  on  our  findings  and  the  reports  of  others  (Lund,  1956; 
Heydlauf,  1969;  Thompson,  1981;  Rios  and  Monroy-Noyola,  1992), 
PB  should  continue  to  be  considered  the  antidote  of  choice  for 
treating  acute  thallium  poisoning.  The  inability  of  DMPS  to 
reduce  Tl  levels  in  target  organs,  when  given  singly  or  in 
combination  with  PB,  suggests  it  is  of  little  benefit  in  the 
treatment  of  thallotoxicosis . 
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TABLE  1 


Antidote  treatment  schedule  for  the  thallium  antidote  study. 
Treatment  began  24  h  after  poisoning  animals  with  the  equivalent 
of  20  mg  Tl/kg  BW  and  was  maintained  for  4  d.  Animals  were 
sacrificed  by  ip  phenobarbital  24  h  after  last  antidotal  treat¬ 
ment.  (PB  =  Prussian  blue,  potassitam  ferric  hexacyano ferrate 
(II);  DMPS  =  2 , 3-dimercapto-l-propanesulfonic  acid;  T  =  treatment 
group;  NT  =  non-treatment  group) 
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FIG.  1.  The  effect  of  acute  thallium  (Tl)  toxicity  (20  mg 
Tl/kg  BW)  and  antidotal  treatments  on  body  weight  (Main)  and 
on  daily  weight  gain  (Insert) .  *  Significantly  different  from 
corresponding  control  (NT)  group  (pSO.OS,  Duncan's  test  after 
significant  ANOVA)  .  For  clarity  the  SB's  for  only  1  treatment 
(T)  and  1  NT  group  are  shown;  they  are  representative  of  the 
variation  seen  in  the  other  T  and  NT  groups.  The  large  NT 
group  SB's  are  due  to  the  terminal  weight  loss  of  at  least  1 
rat /NT  group.  Data  are  expressed  as  the  x  ±  SB  (n=10/T  gp; 
n=7/NT  gp) , 

FIG.  2.  The  effect  of  antidotal  treatment  (T)  or  no  treatment 
(N'f)  on  the  survival  rates  for  different  groups.  PB  = 
Prussian  blue;  DMPS  =  Unithiol  (2 , 3-dimercapto-l-propane- 
sulfonic  acid) .  Numbers  above  bar  are  the  number  of  survi¬ 
vors/total  number  of  animals  in  each  group. 

FIG.  3.  Organ  weight/body  weight  ratios  for  different 
treatment  (T)  and  non- treatment  (NT)  groups.  For  clarity,  all 
NT  groups  are  combined  since  there  was  little  difference 
between  the  3  NT  groups.  Significantly  different  from 
corresponding  NT  group  (p^O.05,  Duncan's  test  after  signifi¬ 
cant  ANOVA)  .  Results  are  expressed  as  x  ±  SB  (n=10/T  gp; 
n=7/NT  gp)  .  T  =  treatment  gp;  NT  =  non-treatment  gp;  A  = 
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Prussian  blue  (PB) ;  b  =  Unithiol  (DMPS) ;  C  =  A+C  (PB+DMPS) . 


FIG.  4.  Thallium  (Tl)  content  of  body  organs  after  dosing 
with  20  mg  Tl/kg  BW  po  and  treatment  with  chelators  {T  gps)  or 
respective  suspending  vehicle  only  (NT  gps) .  Results  are 
expressed  as  x  ±  SE  (n=10/T  gp;  n=7/NT  gp)  ,  T  =  treatment  gp; 
NT  =  non-treatment  gp;  A  =  Prussian  blue  (PB) ;  B  =  Unithiol 
(DMPS);  C  =  A+C  (PB+DMPS);  B  =  brain;  L  =  liver;  H  =  heart;  K 
=  Icidney.  Significant  differences  from  untreated  controls 
(Tulcey-Kramer  test  after  significant  ANOVA)  :  ’  (p^O.05); 
“(p^O.Ol)  . 

FIG.  5.  Thallium  (Tl)  content  in  blood  and  feces  after  dosing 
wit^"  '’0  mg  Tl/)cg  BW  po  and  treatment  with  chelators  (T  gps)  or 
suspending  vehicle  only  (NT  gps) .  Results  are  expressed  as  x 
±  SE  (n=10/T  gp;  n=7/NT  gp) .  5x  =  values  shown  are  5  times 
actual  values.  T  =  treatment  gp;  NT  =  non-treatment  gp;  A  = 
Prussian  blue  (PB)  ;  B  =  Unithiol  (DMPS);  C  =  A+C  (PB+DMPS). 
Significant  differences  from  untreated  controls  (Tulcey-Kramer 
test  after  significant  ANOVA):  *  (p^O.05);  “(p^O.Ol). 
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IKDIVIDOAL  ANIMAL  DATA 
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217 

220 

222 

212 

210 

m 

210 

ns 

174 

ta 

D«D  DAY  0 

CC  0 

220 

220 

222 

2M 

212 

122 

211 

no 

120 

110 

DIB}  DAY  4 

CC  2 

212 

220 

244 

SI 

212 

Ml 

204 

oa 

aa 

CC  7 

222 

aa 

aa 

242 

112 

242 

222 

224 

042 

2112 

221.0 

2211 

20X4 

2117 

2214 

227A 

1271 

m.7 

2M.4 

10 

14.0 

1X0 

1X0 

10J 

1X0 

1X4 

20.0 

la.i 

a4 

■HU 

1.2 

xs 

XI 

17 

12 

4.0 

12 

0.4 

no 

1X4 

RGCBVEDVEHeiEONLY;1»TWrai-SO  po  *  DIMM  Ip 
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file  MrrwT  c 


thmuuh  MmooTE  tncnr 

COmouOATB)  WBOHT  TMLE 

MNOU  MOV  waOHIS  W 


DATE  Vtm 


niAUJUM  MimOTEavCN  ANMAU 

avn  MV1-IMV4  MoncB) 


■i‘Tyu 

Kiii 

MV 

■I’TA’H 

OMUf 

mBM 

■m 

■bb 

f 

■fa 

■fa 

■ca 

s 

COMM  BITS 

ra 

CA  1 

aoo 

m 

210 

101 

m 

m 

oa 

248 

2U 

CA  2 

227 

040 

ja 

214 

200 

m 

242 

217 

ao 

CA  « 

22B 

at 

240 

010 

HO 

20 

■8 

oa 

oa 

CA  4 

221 

22B 

itt 

214 

142 

012 

ao 

244 

2U 

CA  B 

224 

222 

212 

102 

m 

217 

xa 

240 

oa 

CA  ( 

m 

041 

242 

ai 

m 

010 

m 

m 

m 

MED  DAY  4 

CA  7 

217 

222 

211 

m 

oa 

»i 

ISI 

m 

042 

oa 

MEAM 

21A2 

sm 

IHQH 

oao 

a4.4 

020.8 

B 

141.7 

STD  DEV 

M 

MJ 

ftj 

M 

7.8 

124 

H 

■J 

SBi 

!• 

4.0 

■1 

2.8 

H 

u 

AT 

■H 

114 

Rec»a>VEHKL£0M.V:1«TWSI-«0  po 


>i:':cii.*hna 

■riw 

onoup 

■ea 

mtSm 

-2 

-1 

■fa 

■fa 

■la 

■fa 

■ia 

aa 

COMMSfll 

OMPO 

C8  1 

201 

040 

042 

112 

oa 

144 

at 

HI 

aa 

C8  2 

201 

212 

221 

lie 

227 

s» 

OH 

SH 

C8  1 

211 

m 

SM 

040 

ao 

oa 

a7 

170 

at 

DIED  DAY  8 

ca  4 

ai 

ai 

221 

042 

OH 

oa 

207 

oa 

014 

CB  S 

221 

2» 

oa 

oa 

OH 

OH 

SB 

2H 

282 

C8  2 

220 

2M 

242 

m 

IH 

147 

HO 

■8 

272 

C8  7 

101 

014 

m 

HO 

HI 

ai 

IB 

OH 

at 

MEAN 

212.2 

2044 

2002 

240.4 

2124 

HM 

0H4 

0144 

BOS 

ETDO» 

8.8 

187 

104 

04 

■i 

18.1 

102 

B 

107 

SBI 

2.8 

4.1 

02 

07 

BH 

88 

1.1 

101 

14.8 

nec8va>va«ci£OM.Y:oiHzo  i» 


MV 

w 

DaV 

MV 

wr 

T5»r^ 

TaV- 

MV 

bAV 

MV 

- 1 

GROUP 

-4 

-8 

-2 

•1 

8 

1 

2 

8 

4 

8 

hqdh 

204 

111 

141 

212 

227 

241 

IH 

aa 

OB 

121 

212 

2H 

lit 

141 

HO 

IH 

m 

271 

ao 

B1 

IB 

IB 

a2 

217 

IB 

m 

042 

217 

IB 

212 

IB 

oa 

■8 

212 

as 

174 

aa 

2B 

ta 

IB 

•44 

oa 

la 

Oil 

ao 

ao 

ao 

til 

IB 

244 

on 

212 

ai 

oa 

at 

aa 

oa 

■al 

» 

2B 

2M 

142 

212 

itt 

IB 

aa 

840 

ai 

mill 

MEMI  - 

2114 

IQ 

2B.1 

m 

0187 

1274 

2174 

1007 

3a4 

ITDOW  ' 

24 

188 

au 

HI 

a4 

ao 

87.1 

484 

SBI 

14 

■1 

01 

HIku 

_ ^ 

At 

BR 

84 

a.o 

a4 

RCCBVB>VEMaECMLY;1«TW»>«  p*  *  MHIO  Ip 
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NBIGBT  GAIN  TABLE 


142 


n.E  ANT  WT  c  thmuum  MADOTE  «tuov  cmte  mm 

mreaHTONNTAEU 

CHANQEMMOVWaOHTniOMMCajNCUEMURaiBITATOAyO  W 


THAUJUU  ANnOOTCONEN  AMHAU 

own  OAvi-SAVA  SACMnco 


RBWCDMMan/kglWtUIPBBB>N<«TWHN-IO  p>  *  tagOMPE/kglWDIttavEO 
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n.E  MIT.WT.C  THMUUM  ANIBOTE  CTUDV  DATE  MW 

WEMHT  0AM  TABLE 

CHANGE  M  BOOT  waOHrmOMBASELMEHEASUmiCNT  AT  OAVO  U 


THALUUM  ANnOOTEOVEN  MAMALS 

aNB<  DAVt-OAV4  tMMRCB) 


w  w 

omuA 

■IS 

WHM 

■m 

■ni 

■bB 

■IB 

COMUBtTS 

CA  1 

0 

as 

ao 

04 

42 

SI 

CA  3 

0 

aa 

aa 

aa 

42 

40 

CA  a 

0 

IS 

22 

4S 

so 

SO 

CA  4 

0 

as 

24 

as 

ao 

ao 

CAi 

0 

aa 

aa 

21 

40 

CA  a 

0 

• 

-2 

•42 

•40 

DIED  CAY  4 

CA  7 

0 

22 

IS 

40 

40 

MEAN 

&0 

22.1 

ai4 

aas 

B 

014 

BTDD» 

ao 

tu 

asis 

B 

24.1 

tai 

ao 

2.0 

u 

2.2 

12.2 

ReCBV8)VEHCt£ONLY;1«TWEBi-«0 


^l*7IVBi 

Km 

Km 

■■■■ 

■KB 

BB 

mtW 

— 

BB 

■IB 

m 

■ 

23 

ii 

W\ 

MU 

Ktfl 

22 

27 

KZfl 

12 

1 

-IS 

De>  DAY  S 

17 

S 

•6 

1 

KSfl 

21 

42 

42 

42 

KXfl 

22 

ft 

47 

01 

Bil 

B 

as 

as 

41 

'40 

0.0 

aa.s 

00.1 

ai.7 

aao 

m 

BTDOe/ 

00 

4.S 

lao 

040 

aso 

00.7 

sai 

0.0 

1.0 

4S 

2l1 

12.4 

HECBVB>VEHCLEONLV:nNaO  Ip 


nio.-n.:-iiT 

Kfi'M 

Bai'n-aB 

Kim 

IMMH 

GROUP 

MB 

MB 

MM 

■CM 

■IB 

WM 

jm 

as 

H 

■3 

42 

22 

24 

12 

07 

22 

2 

-so 

DIED  DAY  S 

14 

HS3 

-22 

DIED  DAY  4 

sa 

Bil 

m 

10 

■a 

■a 

22 

MEAN 

ao 

miQ 

140 

142 

mo 

01.7 

BTDDEV 

B 

mi 

170 

aao 

4S.0 

_ !Si _ 

41 

m2 

147 

i7.a 

fieCBVa>VGMCLEaNLV:1«TWS<-«  pa  4  MHIO  lA 
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ORGAN  NBIGBT  TABLB 
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Fll£ANT_OBGW 


THAUJUM  ANIUOTE  STUDY 
CONSOLDATB)  WBQHT  TABLE 

ANIMAL  ORGAN  WBQHTS  (g) 


DATE  VSHO 
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FILfANT  ORGW 


THALLMJM  ANTOOTE  STUDY 
CXDNSOUDATa)  WBQHT  TMSUE 

ANIMAL  ORQAN  WBQHTS  (g) 


DATE  mu 


— RTTB 

GROUP 

UVER 

tOONEY 

HEART 

BRAIN 

CA  1 

ia»4 

1.16 

125 

195 

CA  2 

0.«1 

1.30 

090 

191 

CA  3 

ost 

1.11 

097 

198 

CA  4 

ia30 

1.11 

094 

192 

CA  S 

last 

1.01 

1.15 

192 

CA  6 

9.60 

1.16 

094 

190 

DIB)  DAY  4 

CA  7 

Bja 

1.16 

196 

197 

MEAN 

t.is 

1.07 

193 

STD  DEV 

0A9 

0.10 

090 

SEM 

0S2 

0.03 

0.07 

0.03 

NTDMPS 

GROUP 

UVB) 

lOONEV 

HEART 

BRAIN 

~COMMENTS 

C8  1 

0.71 

190 

191 

191 

C82 

091 

1.01 

194 

190 

C8  3 

690 

096 

094 

1.42 

DIB)  DAY  5 

C8  4 

11.41 

191 

097 

190 

C8  5 

097 

192 

190 

1.61 

C86 

11.60 

190 

196 

192 

CB  7 

10.75 

190 

190 

195 

MEAN 

095 

190 

1.17 

■ 

9TD0EV 

1.63 

0.15 

090 

mM 

SEM 

0.62 

096 

090 

KTTB+DSPg 

GROUP 

UVB1 

MONEY 

HEART 

BRAIN 

"eOMHENTS- 

CC  1 

■E 

jn 

190 

190 

CC  2 

192 

1.63 

CC  3 

190 

192 

CC  4 

090 

1.44 

DIED  DAY  5 

CC  5 

094 

1.46 

DIB)  DAY  4 

CC  0 

1.10 

197 

1.61 

CC  7 

0.13 

1.13 

195 

194 

MEAN 

098 

mm 

1.14 

193 

STD  DEV 

197 

091 

0.07 

SEM 

0.74 

096 

093 
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FIlfANT.ORew 


thaujum  anicote  study 

CONSOLCATB)  WBQHT  TABl£ 
ANIMAL  ORGAN  MBGHTS  (g) 


DATE  2/SM 


GROUP 

UVB« 

MONEY 

HEART 

mil 

COMMENTS 

CA  1 

1.13 

198 

1.88 

CA  i 

190 

099 

191 

CA  3 

1.11 

097 

193 

CA  4 

1.11 

094 

192 

CA  S 

191 

1.18 

192 

CA  a 

1.13 

094 

199 

OIED  DAY  4 

CA  7 

1.13 

193 

157 

C8  1 

9.71 

190 

191 

191 

C8  2 

9J1 

1.01 

194 

190 

C8  3 

399 

098 

094 

1.42 

DIED  DAY  8 

C8  4 

11.41 

191 

097 

199 

C8  S 

997 

192 

191 

C8  3 

11.33 

190 

192 

CB  7 

10.78 

199 

198 

CC  1 

11.M 

194 

190 

OC  2 

12.83 

194 

193 

CC  3 

laoi 

190 

192 

CC  4 

3.19 

193 

1.44 

MB)  DAY  8 

CC  8 

393 

191 

1.43 

DIED  DAY  4 

CC  e 

993 

1.19 

191 

CC  7 

9.13 

1.13 

194 

lyEAN 

1.13 

1.13 

193 

STD  DEV 

0.11 

090 

0.07 

SEM 

Hi 

092 

0.04 

0.08 
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ORGAN  HBIGHT/BODY  NBIGRT  RATIO  TABLE 
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FlU  ANT.OfiG  TMALUUM  ANTCOTE  STU>Y 

ORC5AN  WBOHT  /  BODY  WEK5HT  RATIO  TABLE  (%) 


DATE  S/ses 
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FttJE  ANT.OflG  THALLIUM  ANTCOTE  8TVOY 

ORGAN  WEIGHT  /  600Y  WEIGHT  RATIO  TAOE  («) 


DATE  Vtm 
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Fll£  ANT.OflG  THAUUUM  ANTIDOTE  STUDY 

ORGAN  WEIGHT  /  BODY  l«K3HT  RATIO  TABLE  (*) 


DATE  2/siaa 


— r'  III  rriTH'irr— 

GROUP 

UVHT 

NDNEY 

HEART 

BRAIN 

COMMENTS 

CA  1 

4J2 

0.4a 

0.40 

0S1 

CA2 

3.75 

0S1 

ose 

OSO 

CA  a 

iST 

0.41 

OSS 

0S2 

CA  4 

4.12 

0.44 

0S7 

OSO 

CA  S 

4.14 

0.41 

0.40 

0S1 

CA  6 

sao 

ose 

0.47 

0.78 

DIB3  DAY  4 

CA  7 

asa 

0.47 

OSS 

o.ea 

C8  1 

ass 

0.45 

0.40 

0S7 

C8  2 

ajS2 

0.41 

OSS 

OSI 

C8  a 

4S9 

OSS 

0S7 

Oia)  DAY  5 

C8  4 

ssa 

0.41 

0.74 

C8  S 

3S4 

0.40 

OSI 

C8  a 

4S7 

ose 

C8  7 

43S 

OSI 

CC  1 

4M 

CC2 

4S0 

CC  a 

4.14 

0.41 

CC  4 

3.73 

0S2 

DIED  DAY  5 

CC  s 

4JQ0 

0S7 

DIB}  DAY  4 

CC  a 

ass 

0.44 

0.40 

•  OSO 

CC  7 

3.54 

0.45 

0S4 

OSI 

MEAN 

0.05 

STD  DEV 

0.10 

SEM 

BBH 

ose 
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THALLItnc  CONTENT  OP 


ORGANS,  BLOOD  AND  FECES 
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RU  A.ROLLUP 

THAtUUW  antidote  BTUOV 

DATE  «WM 

THAUJUM  CONTST  Ippm)  OF 

RAT  OROANS.  BLOOO  •  FGCEt 

PB 

TREATMBIT 

SROUP 

TA 

TA 

TA 

TA 

TA 

TA 

TA 

TA 

TA 

TA 

10 

MEAN 

STODEV 

IHMUUWCONTnT  (hwii) 


nONEV  I  IWER  I  HEART 


RECSVEDSOii>gl>B/kpBWSUSRSICEOM1«TWEB4-M  po 


RECBVEDBmflOMPS/kaBWDISSOlVEOINCNHJO  Ip 


flEC8VED(0iiigPB/kgBWBUSP«0a>INI«TWED(-a0  ga  ♦  BufOMPS/kgSW 
nSBOLVEDMOlHBO  Ip 
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RIE  A.nOLUIP 


TMAUJUW  AMTDOTE  t'lUDV 


DATE  VWS 


THAUJUM  CONTBIT  Iwn)  OF 
RAT  OROANS,  BIOOO  •  FECES 


FS 

TMAUIUMCCNTENT  (ppm) 

CONTROL 

COMMENTS 

QROUP 

MONEY 

HEART 

■LOOO 

FECES 

CA  1 

788 

8.4 

t8J 

MS 

■E 

■ES 

CA  3 

784 

8.1 

104 

CA  3 

80J 

11J 

CA  4 

ns 

TS 

CA  S 

ns 

TS 

CA  a 

•8J 

114 

11 

18 

■MED  DAY  4 

CA7 

78J 

■ 

SM 

8.8 

14 

4.4 

MEAN 

a.7 

ns 

MS 

IS 

ss 

8TDDEV 

H 

■ 

84 

1.1 

Ol4 

08 

SEN 

IS 

08 

ai 

at 

RECeVEDVEMCLEONLY;1«TWiEN-M  pe 


DMP8 

THALUUM  CONTBIT  (ppip) 

CONTROL 

COMMENTS 

QROUF 

MONEY 

HZiiia 

HEART 

mmM 

■1000 

FECES 

C8  1 

874 

104 

■9 

as 

■E 

14 

C8  2 

7IS 

sr 

a4 

4S 

C8  a 

SOS 

Bis 

184 

as 

OCO  DAY  i 

CR  4 

HiS 

10.1 

^BS 

4S 

C8  S 

^Be 

as 

C8  6 

Bis 

ns 

IS 

4S 

ca  T 

■i 

ass 

■s 

14 

a7 

MEAN 

sts 

ms 

21.7 

104 

14 

■ 

—— 

STD  DEV 

SS 

14 

as 

■ 

04 

BS 

^^B 

SEM 

IS 

as 

14 

0.1 

RECaVEDVEHiaJE0W.V;nH10  <p 


FS^DMFS 

THALUUM  CONTBIT  (ppm) 

CONTROL 

COMMENTS 

QROUF 

MONEY 

TTirM 

HEART 

■RAM 

■LOOO 

FECES 

BO 

H4 

104 

mm 

104 

1.7 

14 

81.7 

11.4 

1.0 

as 

S4S 

10S 

B2] 

1.1 

aa 

SOS 

12S 

1.7 

SI 

BZfl 

12S 

aas 

BfS 

IS 

4.8 

DIED  DAY  a 

10.1 

n.1 

BES 

IS 

ai 

DIED  DAY  4 

hI 

■l 

114 

ais 

■b 

14 

14 

MEAN 

74S 

114 

BB 

104 

■ 

■ 

BB 

STD  DEV 

14.1 

OS 

Bi 

as 

BI 

Bi 

^^B 

SEM 

as 

ftl 

1.0 

ai 

BB!) 

HBH 

RECBVEDVB<Cl£ONI.V:1«TWEEN>«)  p»  *  OINIO  Ip 
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CLINICAL  OBSERVATIONS 
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CLINICAL  OBSERVATION*^  TABLE 


The  clinical  effects  of  thallium  poisoning  in  rats  are 
diarrhea,  tremor,  and  alopecia,  whereas  scruffy  coat  is  non¬ 
specific  sign  of  illness.  Animals  having  these  signs  are 
indicated  below. 


1  GROUP 

DIARRHEA 

TREMOR 

SCRUFFY 

COAT 

. a 

ALOPECIA 

1  TA 

N/A 

N/A 

N/A 

N/A 

TB 

TB2 

TB4 

TB2 

TB4 

N/A 

N/A 

TC 

N/A 

N/A 

N/A 

N/A 

CA 

CAS 

CAl 

CAl 

CA6 

CA6 

CA6 

CA6 

CB 

CBS 

CB6 

CB6 

1 

CB3 

CB3 

CB3 

CB3  1 

CC 

CC4 

CC4 

CC4 

CC4  1 

CCS 

CCS 

CCS 

CCS  1 

TA  =  Prussian  blue  (PB)  treatment  (T)  group;  TB  =  Uni thiol 
(DMPS)  T  group;  TC  =  PB+DMPS  T  group;  CA  =  PB  non -treatment 
(NT)  group;  CB  =  DMPS  NT  group;  CC  =  PB+DMPS  NT  group;  N/A  = 
not  applicable 


Observations  from  gross  examination  of  animals  that  died 
before  the  end  of  the  stu(^: 

CA6  none;  had  minimal  amount  of  fecal  matter  in  bowel. 

CB3  colon  distended  with  bloody  serous  liquid;  no 
ulceration  observed. 

CC4  enlarged,  distended  colon  containing  2.7  g  feces; 
dimensions  of  enlarged  colon  3.5  x  3.1  x  1.9  cm; 
lower  left  and  right  lobes  had  patchy  dark-red 
areas . 

CCS  small  amount  of  liquid  feces  (no  pellets) . 
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APPENDIX  B 


THALLIUM  DBTEBMINATION  WORKSHEETS 
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KIDNEY 
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FILE  A_A_K1 


DATE  aflO/Oi 


THMjLUM  ANTIOOTE  STUDY 
peak  heigmt  worksheet 

SAMPLE:  MONEY 
QROUPS:  PB  (TX  A  NO  TX) 


RUN1 

•nSTDS 

(ppm) 

PEAK  HEIGHT  DATA 

AVERAGE 

PEAKHT 

BLK 

0 

0.0 

O.OS 

0.1 

0.1 

0.10 

17.1 

17.1 

0.30 

00.2 

00.2 

OM 

00.2 

00.2 

0.70 

110.4 

110.4 

1.00 

107.0 

157.0 

RUN  2 
TISTDS 
(ppm) 

PEAK  HEIGHr  DATA 

AVBfAQE 

PEAKHT 

BLK 

0 

0.0 

0.05 

4A 

4.0 

0.1 

15.0 

15.0 

0.3 

SSJ 

00.3 

OA 

03j0 

03.0 

0.7 

110.2 

110.2 

1.00 

102.0 

102.0 

MM3 

TISTDS 

(ppm) 

PEAK  HEIGHT  DATA 

AVERAGE 

PEAKHT 

0.05 

0.1 

OA 

OA 

0.7 

1.00 

0 

3A 

144 

00.4 

774 

1104 

102.4 

0.0 

34 

144 

00.4 

774 

1154 

102.4 
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FILE  AAK1  THMiJUMANTIOOTE  STUDY  DATE  2/1W83 

PEAK  HEIGHT  WORKSHEET 

SAMPLE;  KDNEY 

GROUPS:  P8  (IX  A  NO  -ng 


D 

PEAK  HEIGHTS 

DATA  POINTS  FOR 

STDS 

LINEAR  REGRESSION  LINE 

RUN1 

RUN2 

RUN3 

RUN1 

RUN2 

RUNS 

0 

0 

0 

0 

2.0 

OE 

-0.4 

0.06 

9.1 

4E 

3E 

10.9 

0.1 

7.8 

0.10 

17.1 

19.9 

14J 

18S 

17E 

18.0 

OJO 

eoE 

98.3 

88.4 

90.4 

90.1 

48E 

0.90 

00.2 

83E 

77E 

82.1 

82.9 

81.9 

0.70 

110.4 

118E 

USE 

113.7 

119.7 

114E 

1.00 

197.0 

182.0 

182.4 

181 E 

184.0 

103.4 

R«gr«Mien  Output  RUN  1 
Cointuit  2.M07294 

SUErrotYEtl  •.•SS3063 

R  Squwad  0.9eaM«7 

No.  ol  ObMTvaiiofw  7 

OogroM  at  Proodom  S 


RograwMon  Output  RUNS 
ComMiil  -OJeiCtti 

SWBretYEN  S.160S727 

RSquarod  0.SM0S92 

Ne.etOtowvMiem  7 

Doy—t  ot  Pr— dom  5 


XCoMHciwit(«)  1SB.26S7S 

StdErrotCoM.  7.4829335 


XCMileiMiti)  183.78382 

StdBrofCoM.  9.8431934 


3  STD  RUNS 

Rograation  Output  RUN  2  Ragraaaion  (Mput  COMBINED 


ConaMnt 

0E532789 

CenaMPt 

1.1443282 

StdBrofYEat 

4.4988333 

StdErrolYEM 

9.0048372 

RStpjaiod 

OEoeoloo 

RSqiNTOd 

0.9029041 

No.  ol  ObtarMlioni 

7 

No  ^Otewoiiom 

?^p4  89 

21 

Dofpaaa  of  Proadom 

9 

Dayaaa  of  Proadom 

10 

XCoallioianKi) 

184.01021 

XCoa8lalatit(t) 

182.02127 

StdErrefCoid. 

4.8088374 

StdErrefCoaf. 

3E100881 

161 


AAK1  THMajUMAN110OTESnx>Y  DATE  VtCVM 

peak  HEIOHT  WORKSHOT 

SAMPLE:  KDNEY 

OROUPS;  PS  (TX  «  NO  TX) 


TICONC  (ppm) 


10 

PEAK  HEIGHT  OATA 

nmaar 

PEAK  HT 

TA  1 

7«J 

73.4 

774 

0.47 

TA  2 

SB.0 

34S 

34.3 

TA  3 

w.e 

334 

384 

TA  4 

•S.0 

304 

324 

TA  5 

77.2 

724 

744 

TA  6 

30.4 

38.4 

TA  7 

77.0 

744 

75.3 

0.43 

TA  S 

•3.0 

33.4 

334 

041 

TA  S 

70.4 

73.0 

734 

0.44 

TA10 

33.0 

30.3 

31.7 

0.50 

■■■FF  [* 

784 

304 

734 

77.1 

784 

304 

32.4 

34.7 

784 

744 

734 

724 

CA  7 

31J 

78.4 

304 

■a 

n  CONC  -  ( y  -  b  )  / m 


WHERE  y  -  AVBMQE  PEAK  HEIGHT 

b  -  y  -  INTERCEPT,  COMSIhCO  RUNS 
m  -  SLOPE.  CObSMEO  RUNS 
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£91 


if  ^ 

if 


li  I 


COMMENTS 

DIED  DAY  4 

1 

£ 

U 

<9 

M 

kL 

;;saiSt98;9S;: 

88883.^ 

8888888 

1 

SAMPLE 

CONC 

(ppm) 

.  la 

&3S88S9S9S 

ddddddddbo 

8«98883 

d  d  d  d  d  d  d 

TOTAL 

DLUTICN 

FACTOR 

.fl 

Ul 

M 

o 

8888888888 

8888888 

1 

5|| 

% 

111  ® 

eooooooooo 

lAddddddddd 

■ 

5?  Q 
tsi  s 

Z7 

o 

1 

< 

llliifliil 

oooooooded 

epipl 

M  Ci  ^  M  M  M  OI 

6  6  o  d  d  d  d 

1 

d 

1*  « 

H- 

58S8598988 

iiiiiii 

88S388S 

1 

3 

II  . 

iliiiiiill 

S8S8S99988 

ISiliill 

issssas 

1 

nu  A_B.K1 


THMXHJM  antioote  suov 

peak  HEtOKT  WOAKSHEET 
SAIt«U:  KEMCY 


DATE  V%2m 


OROUPS:  DMPS  (TX  *  NO  TXJ 


NUN1 

•nsTOs 

(ppm) 

PCAX  HEIGHT  DATA 

AVERAGE 

PEAKHT 

BLit 

0 

0.0 

0.05 

4.1 

4.1 

0.10 

0.0 

0.0 

0.50 

42.2 

425 

050 

755 

75.5 

0.70 

U.4 

05.4 

1.00 

1M.2 

1345 

RUN2 

TISTDS 

(ppm) 

PEAK  HEIOHT  DATA 

_ 

AVERAOE 

PEAKHT 

BLK 

■HE 

0.05 

0.1 

05 

415 

0.5 

75.0 

0.7 

025 

1.00 

195.5 

RUNS 

TISTDS 

(ppm) 

PEAK  HEJCaHT  DATA 

AVERAGE 

PEAKHT 

0.05 

0.1 

05 

05 

0.7 

1.00 

■ 

0.0 

95 

05 

405 

71.4 

005 

1905 
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FILE  A_B_K1 


THALLIUM  AM1100TE STUDY  DATE  2n2/n 

FIEAK  HBQHT  WOUKSMeET 

SAMPLE:  KCNEY 

QROUPS:  OMPS  (TX  A  NO  TX) 


Tl 

PEAKHEIDKTS 

DATA  POtKTS  FOR 

STDS 

UNEM  REQRESStON  UNE 

RUN1 

RUN  2 

RUN3 

RUN1 

RUN2 

RUN3 

0 

0 

0 

0 

-0.0 

-1.1 

-1.7 

0.06 

4.1 

4.0 

30 

00 

60 

50 

0.10 

00 

0.7 

00 

120 

12.7 

1^0 

000 

420 

410 

400 

40.0 

400 

30.4 

000 

78.0 

700 

71.4 

07.1 

000 

00.7 

0.70 

00.4 

020 

000 

04.1 

00.0 

04.1 

1.00 

1340 

130.0 

1300 

134.7 

137.7 

1350 

Ragrwtian  Output  RUN  1 

CoMMM  -OESM2S 

SUEtrofYEM  4JKSM1 

R  S(MV«d  0M1S644 

No.otOb— ¥rtioi»  7 

D«gr— t  Fr—dpm  S 


Rigrwi  Ion  Output  RUNS 

ConNM  -1EM310 

SU  br  e(  Y  EM  3.4003747 

RSqurad  OMSZOeO 

No.MOtoorMPtioni  7 

Dosrooo  of  boodofn  5 


XCoo0lcionl(i)  13SS1049 

SWEnofCoof.  S.4S001S2 


X  ro«Stel>t«(l)  13007744 

SUbrefCoof.  3.7771040 


> 


RosrooolonOuMUt  RUNS 
ConoMM  -1.144420 

SWbrofYEM  4E430SO0 

R  Squorod  00344010 

No.  of  OnorwoSoni  7 

Dtyoo  of  Froodom  0 


3  STD  RUNS 

Rogioooion  Output  COMBINB) 

CofNMnl  -1.144000 

StdbiofYEM  30787300 

R  Squorod  0.0030006 

No.  of  OPoonodtono  21 

DooroooofFroodom  10 


XCao0loiont(o)  130.70060 

StdEnofCoof.  4.6322162 


XCno0l«Mn>(o)  130.00667 

SUbTOfCoof.  2.4420100 
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FILE  ABK1  THALLIUM  ANTIDOTE  STUDY  DATE  2/12WI 

PEAK  HEIDHTWORKSHEET 

SAhffU:  lODNEY 

OROUPS:  DMP8  (TX  A  NO  TX) 


ncONC  (ppm) 


~samjr 

to 

PEAK  HEIG»rr  DATA 

AVERA&E 

PEAK  HT 

TB  1 

40A 

414 

41.0 

mm 

TB  2 

42.1 

414 

41.7 

TB  3 

38.0 

38.1 

37.1 

TB  4 

73.0 

724 

72.0 

TB  S 

724 

784 

734 

TB  6 

704 

704 

70.4 

TB  7 

81J 

044 

034 

0.47 

TB  8 

00.8 

074 

07.1 

040 

TB  « 

60.4 

874 

804 

0.44 

TB10 

004 

884 

884 

0.44 

CB  1 

704 

704 

042 

CB  2 

04.0 

034 

0.47 

CB  3 

064 

704 

043 

CB  4 

014 

03.1 

0.47 

CB  8 

71.4 

024 

084 

074 

0.80 

CB  6 

024 

004 

04.4 

0.48 

CB  7 

004 

804 

014 

024 

0.40 

TI  CONC  -  <  y  -  b  )  /  m 


VVHERE  y  -  AVBIAQE  PEAK  HBOKT 

b  -  y  -  NTERCEFT.  COMBINED  BUNS 
m  -  SLOPE.  COMBINED  BUNS 
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file  a_c_ki 


DATE  2/1WM 


THMJ.IUM  ANTIOOnfC  8TU0V 

feak  MEioHr  worksheet 

SAMPLE:  MONEY 

GROUPS;  PS  *  OMPS  (TX  S  NO  IX) 
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FILE  A_C_K1  THAUJUMANTIOOnrESnjOV  DATE 

peak  HEMHT  WORKSHOT 

SAMPLE;  KDNEY 

OROUFS:  PB  -f  DMPS  (TX  A  NO  TX) 


Tl 

FEAKHEiaKIB 

DATA  FOStTS  FOR 

STDS 

LMEAR  REGRESSION  UNE 

RUN1 

RUN2 

RUNS 

RUN1 

mM2 

RUNS 

0 

0 

0 

0 

-08 

-08 

-08 

088 

4.1 

48 

3.7 

6.1 

08 

88 

0.10 

108 

10.1 

118 

138 

138 

138 

080 

43.7 

448 

46.4 

408 

42.0 

438 

080 

788 

818 

76.4 

668 

70.1 

728 

0.70 

008 

628 

678 

608 

668 

1018 

1.00 

136.6 

1368 

1488 

1368 

1408 

1488 

ito9«Mton  Output  RUN1 
C««wlMl  >0JUI72 

SIdEnofYEN  4JCe38t1 

RSquwad  0J04in2 

No.  ofObMoiMiem  7 

Doy—t  ol  Fr— docn  8 


RoariwMan  Output  RUNS 
CnnMint  -0J2l44e 

StdBrefYEN  3.8688872 

R8«|uwod  08688633 

No.  of  OboonMOono  7 

Boy  •—  ct  Fr— dow  8 


XCo«a>eNnt(*)  136.08702 

StdErrofCoM.  4.7617470 


XCoMHcNflty)  146.66042 

StdErroTCoM.  48266164 


RograMion  Ouyut  RUN  2 

CoratMt  -0887316 

StdEnotYEN  6.1666767 

RSciuwod  08668706 

No.  M  Ohaamotioni  7 

Dayaaa  ct  Ptaadom  8 


3  STD  RUNS 


Royaaalon  Output  f»fH4Pifa.n 

Conatant  -0884876 

SMErroTYEat  4.7166744 

RSpuvad  0.8017487 

No.  ct  ObaanwOeni  21 

Dayaaa  ct  Praadoan  16 


X  Coaiietan^a)  140.71744 

SWErrctCoai.  6.7660157 


XCcaMcianKa)  142.14466 

SUErrctCcat.  28748063 
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DATE  zna/n 


FILE  AC  K1  THAOJUMAWnOOTE STUDY 

peak  HEIQHT  WORKSHEET 

SAMPLE:  MONEY 

CnOUPS;  PB  DMP8  (TX  S  NO  TX) 


TICONC  (ppm) 


nn 

PEAK  HEIGHT  DATA 

AVeiUdE 

PEAK  HT 

TC  1 

70i) 

TIE 

70.0 

OEO 

TC  2 

72.2 

TOE 

71.4 

0.01 

TC  3 

79J0 

72E 

72E 

TC  4 

4t4l 

S3.4 

81E 

TC  5 

S1E 

83J 

52.4 

TC  S 

e7J 

SOE 

flSE 

TC  7 

63E 

M.4 

04E 

TC  S 

as.o 

S3.4 

04.7 

TC  • 

4SE 

asE 

S2E 

TCIO 

ee.o 

esE 

00.1 

0.47 

CC  1 

BOE 

OEO 

CC  2 

OOE 

0.40 

CC  3 

HE 

0.41 

CC  4 

HE 

0.40 

CC  S 

71.0 

74E 

OH 

CC  e 

HE 

0.40 

CC  7 

mu 

OBE 

H.7 

0.47 

Tl  CONC  -  (  y  -  b  )  /  m 


IM4ERE  y  -  AVERAGE  PEAK  HEIOKT 

b  »  y  >  NTERCEPT.  COIWMEO  RUNS 
m  -  SLOPE.  COM8INEO  RUNS 
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TZ.I 


I 


II 


if 

11 


1 

1 

>■  > 
as 

oo 

n 

1 

lii* 

o 

a 

H 

U» 

ie^^88S9:{i;8 

}i88a8ii8X{:8 

8&89S8S 

SSS8888 

1 

1 

8sa889««s$« 

6bc»6dddddd 

88;989% 

d  e  d  d  d  d  6 

s 

m 

8888888888 

8888883 

1 

Tljil 

i|s 

ir  ° 
|i* 

IP«0lO«O<O<O<OI0«><rt 

5® 

fi2  e 

H 

giilJISiSS 

oooooooooo 

JliSlil 

o  o  o  o  o  o  o 

1 

o 

■ 

llPISilii 

S889«9oS8« 

iffiiii 

1 

9 

i|  ^ 

88S9s8«88s 

SSilili 

88S88S8 

1 

! 

i 

mm 

i 

LIVSR 
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Ftt£  AALI  THAUIUMAfirnOarESTtlDV  DATE  2^4/03 

PEAK  HBQHT  WORKSHEET 

SAMPLE;  LIVER 

OROUPS;  PB  (TX  S  NO  IX) 


FILE  A  A  LI  thallium  ANHOOTE  STUDY  DATE  2/14AM 

PEAK  HEIGHT  WKMKSHEET 

SAMPLE:  LIVER 

QROUPS:  PB  (TX  A  NO  TX) 


Tl 

PEAK  HEIGHTS 

DATA  POINTS  FOR 

STDS 

LINEAR  REQRESSION  LINE 

RUN1 

RUN  2 

RUN  3 

RUNI 

RLIN2 

RUNS 

0 

0 

0 

0 

0.1 

-0.2 

-04 

0.08 

8.4 

5.4 

8.1 

7.8 

7.4 

8.8 

0.10 

18.1 

184 

12.7 

154 

15.0 

14.1 

040 

48.8 

444 

484 

484 

484 

43.8 

040 

78.4 

81.8 

784 

784 

78.0 

734 

0.70 

104.4 

1084 

102.0 

108.1 

1084 

103.7 

1.00 

180.7 

180.8 

148.1 

1814 

1824 

148.4 

RagraMion  Output  RUN  1 
Conalant  O.OBMgIS 

StdErrofYEat  2.1717^0 

RSquarad  0J8S7772 

No.o(ObaaniHiana  7 

Dagaaa  of  Ftaadom  S 


Rayaaaion  Output  RUNS 
Conakuil  -0444838 

StdBTOlYEal  14180832 

RSpiwad  0408110S 

No.afObaanwIiena  7 

Dayaaa  cl  Fraadam  5 


XCoaincianIts)  151.48814 

SW  err  of  Coal.  24700080 


XCoalldant(a)  148.28881 

StdEnofCoaf.  1.8818280 


RUN2 
-0424080 
2.88811^ 
0.8878007 

7 

8 

X  Coaffieiant(a)  1 52.44288 

StdEnolCoaf.  3.1208801 


3STDRUNS 
COMBINED 
-0438874 
2  2848828 
0.8002018 
21 
18 

XCo4iiciant(a)  151.07873 

SWBtrolCpaf.  1.4402864 


Ragraaaion  Output 

ConaSuit 
Std&rolYEat 
RSquarad 
No.afObaarvptiona 
Dagaaa  M  Fraadom 


Ragraaalon  Output 

CenatMS 

StderolYEat 

RSquarad 

No.  of  Obaanaitierai 

Dagraaa  of  Fraadom 
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FILE  A  A  LI  THALLIUM  ANHOOTE  STUDY  DATE  2n4/»3 

PEAK  HEIOHT  WOflKSHECT 

SAMPLE:  LIVER 

OROUPS:  PB  (TX  A  NO  TX) 


sAMFlT 

ID 

PEAK  HEIQKT  DATA 

PEAK  HT 

TA  1 

88.4 

asA 

mm 

Ijippi 

TA  2 

84A 

8SB 

TA  3 

78.4 

T9JZ 

040 

TA  4 

73.2 

714 

0.47 

TA  S 

asA 

OTA 

0.44 

TA  « 

78S 

TJ» 

042 

TA  7 

78.0 

78A 

042 

TA  3 

77.2 

794 

042 

TA  9 

68.4 

93.8 

0.43 

TA10 

77.0 

79.0 

042 

CA  1 

78.4 

78.4 

784 

CA  2 

02.2 

984 

03.0 

CA  3 

78i> 

774 

78.4 

CA  4 

SOB 

994 

924 

0.42 

CA  8 

74.4 

774 

78.1 

0.81 

CA  e 

oes 

094 

97.4 

0.88 

CA  7 

•1.4 

834 

824 

048 

Tl  CONG  -  (  y  -  to  )  /  m 


WHERE  y  -  AVERAOE  PEAK  HBQHT 

b  -  y  -  NTERCEPT,  COMBWEO  RUNS 
m  -  SLOPE.  COMONEO  RUNS 
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9LT 


FILE  A_B_L1 


DATE  2nS/S3 


thauium  antidote  study 

PEAK  HaOKT  WORK^EET 
SAMPLE;  LIVER 
OROUFS:  DMPS  (TX  A  NO  TTg 


RUN1 

TISTDS 

(ppm) 

PEAK  HEIGHT  DATA 

AVERAGE 

PEAKHT 

BLK 

0 

0.0 

0.0S 

5.7 

5.7 

0.10 

13.5 

13.5 

0.30 

57.5 

57.8 

0.80 

75.0 

75.0 

0.70 

103.4 

103.4 

1.00 

120.2 

124J 

127.5 

RUN2 

TISTDS 

(ppm) 

PEAK  HEIGHT  DATA 

AVERAGE 

PEAKHT 

BLK 

0 

0.05 

5.4 

0.1 

12.5 

OS 

53S 

OS 

72.5 

72.5 

0.7 

105.5 

1054 

1.00 

137S 

1354 

137.0 

AUN3 

TISTDS 

(ppm) 

PEAK  HEK3HT  DATA 

AWfiACSr 

PEAKHT 

BLK 

0 

0.0 

0.05 

5.0 

5.0 

0.1 

5.5 

8.7 

7.7 

04 

55.7 

55.7 

04 

574 

554 

574 

0.7 

05.4 

00.4 

1.00 

125.4 

132.7 

120.1 

177 


nue  A_B_Li 


tMTE  SnWM 


thallium  ANTIOOTC  STUDY 
PEAK  HEIGHT  tMOfOtSMECT 

SAMPLE;  UYEP 

OPOUPS:  DMPS  (TX  S  NO  TX) 


D 

PEAKHEiaHTS 

DATA  POINTS  l>OR 

STDS 

UNEAH  REORESSION  UNE 

RUN1 

RUN3 

RUN3 

nuNi 

RUNS 

RUN3 

0 

0 

<r 

0 

4.8 

19 

19 

0.06 

8.7 

8.4 

M 

iii 

69 

69 

0.10 

13.8 

12.8 

7.7 

irj 

189 

149 

OSO 

S7J 

B3J 

86.7 

44.4 

44.1 

41.4 

0.80 

79.0 

72.8 

67S 

71.0 

729 

679 

0.70 

103.4 

106B 

96.4 

979 

1009 

949 

1.00 

127S 

137.0 

129.1 

137.4 

1429 

134.1 

IUgr«Mien  Oulpuk  RUN1 

Coratuit  4J3SB744 

StdErrofYEat  SXUSOSM 

PSquMMi  0B732923 

No.  ot  Ob—vHom  7 

OogoM  of  FrMdow  9 


Pp^OHion  Output  PUNS 
CoraMnt  1SS2Q429 

SMEnaTYEN  S.1270744 

PSquwod  0S7M865 

No.  el  ObMnullam  7 

DegneaeffreeUem  8 


XCeMlleiMl(i)  132J766S 

SWErrefCeel.  SSOTSAA 


XCeMWelinUi)  1K.43234 

SIdErrelCaer.  SB711377 


Regreolen  Output  RUN  2 
CoraMnl  1.7714SS9 

Std  En  efY  EM  844R1S29 

RSquwed  OAMSTOT 

Ne.HObeemuttoni  7 

Bey—  el  Freedew  8 


»  STD  RUNS 

Hey  eeelon  Output  COMBHCD 

CeMlM*  2B44a8S7 

SWbrelYM  TJlWSa 

RStpared  0S7SSSSI 

Mo  ^ObOMV^iOM  oi 

OeyeeeelPreedein  IS 


XCoetident^i)  141.13191  X  CeeBlet<nt(i)  136.4S02S 

SWErrefCeel.  9.3116968  SWBTofCeef.  4J6637Z7 


flU  A.B.LI 


OATc  wtm 


th«luum  AmiooTE  irruDv 

MAK  HEUaHT  WOnKSHBET 
SAMPU;  LM» 
OROUm:  DlliM  (TX  A  NO  IX) 


SAMPLE 

10 

PEAK  HEICHT  DATA 

AVdAOE 
PEAK  HT 

TB  1 

724 

704 

714 

HI 

TB  2 

724 

704 

71.1 

TB  S 

814 

884 

824 

TB  4 

884 

814 

804 

TB  8 

884 

884 

874 

82.1 

TB  8 

884 

884 

804 

TB  7 

884 

884 

88.1 

TB  8 

804 

884 

824 

TB  • 

884 

874 

884 

80.7 

TB10 

874 

884 

884 

0.47 

^  1 

78.4 

744 

74.7 

CB  2 

824 

804 

814 

CB  S 

884 

814 

824 

CB  4 

884 

88.4 

874 

CB  8 

804 

814 

804 

CB  8 

844 

844 

844 

0.48 

CB  7 

884 

844 

884 

0.48 

Tl  CONC  -  (  y  -  b  )  /  m  WHBW  y  -  AVERAOE  PEAK  HBOHT 

b  «  y  -  NTEIIC9T.  COMBMEO  RUNS 
m  m  SLOPE.  COMBMEO  RUNS 
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DATEWCTASHEO:  2/t4/B3  THAUUM  ANTIDOTE  STUDY  DATE  ANALYZED:  2/IS/B3 


08T 


FIE  A_C_U1 


DATE  anww 


THMXWM  AKnoOTE  StUDY 
KAK  HEIGHT  WOnKaHEET 

•AMFUL:  LMER 

GROUPS:  P«  +  DMPS  (TX  *  NO  TX) 


RUNI 

TISTDS 

(PP«|» 

PEAK  HEIGHT  DATA 

BLK 

■■K 

oo 

0X)6 

4j0 

43 

0.10 

14M 

OJO 

»t3 

0.S0 

•3.0 

0.70 

iao.e 

IMS 

1.00 

140A 

140.0 

140.4 

iHjns 

TISTDS 

(ppm) 

PEAK  HEIGHT  DATA 

kx 

0.06 

0.1 

04 

04 

0.7 

1.00 

■i 

leoj 

n 

—.TT.Tri 

PEAK  HEIGHT  DATA 

~m7BRaSF 

PEAKHT 

0.05 

0.1 

04 

04 

0.7 

1.00 

n 

0.0 

44 

13.4 

804 

•84 

120.4 

1804 

file  a_c_li 


DATE  2/1flA3 


thallium  antidote  study 
PEAK  HBQMT  WOWCBHEET 

SAMPLE:  LVER 

OnOUPS;  F8  DMPS  (TX  A  NO  tX) 


71 

PEAKfCIQHTS 

DATA  POINTS  FOR 

STDS 

LINEAR  REGRESSION  LINE 

RUN1 

RUN2 

RUN3 

RUN1 

RUN2 

RUN3 

0 

0 

0 

0 

39 

2.1 

19 

0.06 

4.9 

99 

49 

11.7 

109 

0.9 

0.10 

139 

14.8 

13.4 

109 

189 

17.7 

090 

81.8 

809 

809 

829 

929 

90.7 

090 

039 

049 

089 

08.0 

88.1 

03.8 

0.70 

138.8 

1279 

120.4 

1109 

110.8 

118.0 

_ ISi 

140.4 

190.0 

1809 

1879 

170.0 

180.0 

CoMtuit 
SUErrefYEM 
RSquw«<t 
No.  a(  ObMrmtions 
OogroM  of  RoMtem 

X  CoNlid«nl(() 

Sid  6t  of  Com. 


RUN1 
3.48W170 
13408048 
0.0013230 
7 
9 

10444803 

14.742973 


ComImO 
SMEnrofYEM 
RSqiarod 
No.cfOb— vBotii 
D«y*04  of  Fr—dowi 

XCoofMtnKt) 

SW&relCoM. 


RUN3 
1Ji006057 
8.4297072 
0.0010123 
7 
9 

104.80278 

7.0141023 


Rogromion  Output: 


Royntew  Ou^Mt 


RUN  2 
2.1340429 
8.4384227 
0J891701 
7 
9 

XCo«Kei«nl(*)  18797234 

StdErrofCoM.  0.2100011 


3  STD  RUNS 
COMBINED 

29004104 

89097211 
09707404 
21 
10 

XCtMlIciMOd)  18693001 

StdbrofCoM.  5.0004000 


RuSTMaion  OU^Ut 

Conatant 
SMEnafYEaf 
RSquarod 
Na.afOteani«iioni 
Dayaaa  c4  FraaOain 


Rayaaalon  Output 

CanaOmt 

SWBrrafYEat 

RSpuarad 

Na.  M  Obaai  iwtioiw 

Dayaaa  ef  Praadawi 


182 


nJE  A_C_L1 


datc  2ntm 


-mMXIUM  AMTKXXn!  STUDY 
PEAK  HBaKT  woHKSHerr 

•AMPLE:  LMSl 

OROUW.  W  +  OMPS  (TX  A  NO  TX> 


TICONC  (ppm) 


“SOSWT" 

10 

PEAK  HeOKT  DATA 

AVERAOe 
PEAK  MT 

1^ 

TC  1 

mpi 

•8.4 

040 

TC  2 

•2.1 

0.84 

TC  S 

•Oi) 

•8.0 

04« 

TC  4 

aoA 

•OJ 

043 

TC  5 

••.• 

07.4 

047 

TC  e 

121.2 

123J 

0.73 

TC  7 

107J 

107B 

044 

TC  • 

•1.0 

102J 

•00 

0.87 

TC  S 

110J 

111.0 

110.8 

0.08 

TCIO 

100.0 

103.0 

108J) 

0.83 

CC  1 

00.0 

•2J 

014 

044 

CC  2 

•1.2 

08.4 

•04 

043 

CC  3 

108B 

1084 

043 

CC  4 

<X 

128.8 

1284 

0.74 

CC  8 

1184 

1104 

0.71 

CC  • 

•0.4 

1014 

0.00 

CC  7 

hh 

100.0 

08.7 

0.80 

Tl  CONC  -  (  y  -  b  )  /  m  WHERE  y  -  AVBUQE  PEAK  HBQHT 

b  -  y  -  WTERCEPT,  COMBINEO  RUNS 
m  -  SLOPE.  COMBINEO  RUNS 
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HEART 
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FILE  A_A_Hi 


date  2^7/93 


THAUWM  ANDOOTE  STUDY 

peak  height  worksheet 

SAMPLE:  heart 
OROUPS;  PB  (TX  A  NO  TX) 


FILE  A  A  HI  nMUAMAMnOOTE  STUDY  DATE  2n7/B3 

PEAK  HBOKTIMOWCaHEFr 

SAMPLE:  HEART 

QROUPS:  PB  (TX  A  NO  TX) 


n 

PEAKHEIQKTS 

DATA  PO»nS  FOR 

STDS 

UNEAR  REQRESSiON  LME 

RUNI 

RUN2 

RUNS 

RUNI 

RUN2 

RUNS 

0 

0 

0 

0 

0.1 

08 

18 

0.08 

8.0 

48 

4.7 

8.7 

08 

88 

0.10 

138 

138 

14.7 

178 

10.4 

178 

080 

88.0 

67.7 

888 

81.7 

408 

488 

080 

88.0 

788 

048 

80.1 

818 

018 

0.70 

1218 

1188 

1148 

1308 

113.7 

1148 

1.00 

1878 

1888 

188.1 

172.0 

1028 

1828 

PagrawionOuSiut:  RUNI 

C«fictM  0.12S744S 

StdErrMYEat  4.8021298 

R  Sqiarad  OMOITSS 

Ne.efObMr«alionB  7 

Dty—i  00  PfMdow  8 


Diartwlon  Output  RUN  3 
ComM  1.2407888 

SUbrelYEM  8.2480838 

RSBWTMf  08837148 

NB.efObMrM8m  7 

D*0r«M  of  Praadem  8 


XCoaiWanlN)  17184888 

SW  Err  ef  Coal.  88808373 


X  Coa8laiaiit(i)  181.00212 

StdEnretCaal.  8.7288320 


Ragraaaian  Output  RUN  2 
Canatant  08417872 

SIdErratYEal  88304022 

RSqiwad  0.8038874 

No.  at  Obaanadtem  7 

Dagaaa  at  Praadom  8 


3  RUNS 

Ragraaaien  Output  COMBINED 
Cowlatd  OJ3T4UO 

SWErretYEal  8.1880017 

RS^uwad  0.8820011 

No.efOfaaan«liem  21 

Dayaaa  at  Praadarn  18 


XCoatliiiianl(a) 
Std  Err  et  Coat. 


102.07028 

88184888 


XCaadMaid(t) 
Sid  bret  Coot. 


10488840 


Wi  A_A_H1 


OATH  W7/W 


TVUUJJM  AmUXTTH  STIJOV 
KAK  HEiOHr  WOftKSHCET 

8AMf>LE;  HCAITr 

QROUPS:  n  (TX  A  NO  TX) 


lOHW 

» 

REAR  HEKlKr  DATA 

MEMOE. 

PEAK  HT 

TA  1 

114.0 

1144 

114.1 

0.80 

TA  2 

107.4 

1124 

10S.7 

048 

TA  a 

87.4 

7S.0 

•84 

040 

TA  4 

7S.0 

■4.4 

•14 

0.48 

TA  S 

•0.2 

794 

•44 

041 

TA  S 

112.2 

108.4 

TA  7 

101.4 

•74 

•0.4 

TA  t 

100A 

••4 

TA  9 

1014 

1004 

1014 

041 

TA10 

1014 

1004 

104 

1024 

0.«2 

CA  1 

•84 

•4.0 

•8.0 

041 

CA  2 

114.4 

1104 

112.8 

048 

SA  a 

1004 

•0.4 

•8.8 

048 

CA  4 

•74 

724 

•0.4 

•0.0 

0.48 

CA  8 

•44 

•04 

•24 

0.80 

CA  S 

127.4 

1284 

12S4 

0.78 

CA  7 

1104 

1004 

106.7 

0.S4 

Tl  CONC  -  (  y  -  k  )  /  m  WMOUE  y  «  AVERAOE  NMC  HBOKT 

k  -  y  -  NTHRCEPT.  COMBMEO  RUNS 
m  -  SLOES.  COMBINEO  RUNS 


188 


681 


DATE  anim 


FILE  AB.H1  TMMiJUMAmiOOn  STUDY 

KAK  HEIOKr  WORKSHGET 


190 


A.B.MI 


TH4a.lUM  AKnOOTE  STUDY 
PEAK  HBOKT  WOAKSMST 


OATl  2/tM3 


SAMPLE;  HEAKT 
OROUPS:  DMPS  (TX  A  NO  TX) 


D 

■ 

PEAK  HEIGHTS 

DATA  POtnS  FOR 

STDS 

L64EAR  REORESSON  L6« 

RUN1 

RUNS 

RUNS 

RUN1 

RUN2 

RUNS 

0 

0 

0 

0 

64 

44 

4.4 

0.06 

64 

6.4 

6.0 

184 

184 

114 

0.10 

164 

164 

14.4 

804 

164 

16.4 

040 

63.6 

68.1 

66.0 

464 

464 

464 

040 

604 

664 

644 

76.4 

764 

764 

0.70 

1184 

1134 

1144 

1064 

1064 

1064 

1.00 

148.4 

1464 

148.1 

1834 

1644 

1844 

fto7«Mien  Output  MJN1 
CunMknl  SATSSIOS 

SW&re(YEM  10.1S7S4S 

RSquwaS  0E7S7BSS 

No.  efObaorvalioM  7 

DogroM  of  Froodom  S 


RognMionOuSMA:  RUNS 

CcmShiI  4.41SSei7 

StdbrofYbl  9E00S7B4 

RSgiMd  0.S7SSSS1 

No-ofOboonaSora  7 

ol  PMttdnm  5 


X  CooRlei«nt(«)  1«7EaS0S 

SUi  Err  of  Coal.  11.060003 


XCoaSWMlti)  1SOAM60 

StdEnefCoaf.  10E7071S 


RagraaMon  OuSwt  RUNS 

ConalMil  4.60S4836 

SWBrofYEal  S.641SS7S 

RSguKOct  OASOSStS 

No.efObawwaliena  7 

Dayaaa  of  ftaadom  S 


3  STD  RUNS 

RagraaalwiOapa:  COMBNCD 

Canatiwt  4A007m 

SMErrafYU  S.40S6S60 

RSpuHod  0.0766633 

No-afOtMaruaSana  3i 

flf  16 


XCoaUMwAfi)  180.07636  XCoaHWanld)  14648706 

StdErrofCoaf.  6.4341037  MEnofCoal.  84066416 


MX  A  8  Ml  THALLIUM  AKTtOOrn!  STUDY  DATE  S/iam 

PEAK  MOQHT  WORKSMttT 

SAMPLE:  HEMT 

QRQUPS:  DMPS  (TX  A  NO  TX) 


TICONC  (ppm) 


PEAK  HEtCMT  DATA 

Avmoe 

PEAK  HT 

TB  1 

•7X 

888 

87.7 

088 

TB  2 

S4.S 

818 

828 

082 

TB  3 

818 

838 

828 

080 

TB  4 

718 

798 

748 

TB  S 

798 

79.4 

798 

TB  6 

918 

928 

918 

TB  7 

988 

988 

988 

TB  S 

798 

798 

79.1 

TB  S 

S38 

84.0 

838 

TRIO 

828 

884 

828 

ail 

888 

878 

87.1 

088 

CB  2 

90.4 

808 

080 

CB  3 

1188 

1118 

1138 

0.73 

CB  4 

798 

78.4 

738 

088 

CB  5 

73.4 

738 

738 

0.48 

CB  • 

888 

88.4 

80.1 

084 

CB  7 

888 

818 

80.7 

081 

T1  CONC  >  (  y  -  b  )  /  m  WHERE  y  -  AVERAOE  PEAK  HBOKT 

b  >  y  -  MTERCEPT.  COMBMED  RUNS 
m  -  SLOPE.  COMBINED  RUNS 
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a_c_hi 


DATE  2mm 


THAUIUM  ANTUXTTE  STUDY 
PEAK  HEIDHT  WroWCSHEET 

SAMPLE:  HEART 

CnoUPS;  PS  DMPS  (tX  S  NO  TX) 


nUE  A_C_M1 


DATE  Vtim 


THMiJUM  ANTUXTTE  rtUOy 
KAK  HEtOKT  M3WCSNEET 

SAMIU:  HEART 

QROUPS:  PB  *  DMf>»  (TX  «  NO  TX) 


Tl 

PCAKHEtaHTS 

OATAPOffTBPOR 

STDS 

UNEAR  REGRESSION  UNE 

RUN1 

RUNS 

RUNS 

RUN1 

RUN2 

RUNS 

0 

0 

0 

0 

24 

6.1 

6.1 

0.06 

74 

7.4 

64 

104 

11.6 

114 

0.10 

164 

174 

16.1 

174 

164 

164 

OSO 

614 

634 

464 

47.1 

46.1 

46.4 

OJO 

S1J 

60.0 

614 

764 

734 

724 

0.70 

111.4 

107.4 

106.6 

106.1 

100.6 

66.1 

1.00 

143.0 

1334 

1264 

180.4 

1414 

1304 

Ragranion  Ou0ut:  RUN1 

ConNwit  2J980974 

Std&refVEal  S419S0BS 

RSguvad  0M172M 

No.  of  ObMnaiieni  7 

Oogroaa  of  Frootfom  S 


X  Coofllcionffi) 
SMErrofCoof. 


147J27ae 

a4a4«3w 


Rogroaoien  Oulpu: 

CowNwl 
StdBrofYEN 
RSguHOd 
No. 

Da^aoo  of  RrooBom 


RUNS 

64M21S7 


ojnrrut 

7 

B 


X  CooBMutfi) 
SMCnofCoN. 


1S4J4170 


Rogroaoion  OuBout 


SMErrofYEal 

RSgiarad 

No.  of  OtnarvOcf 

WVyOT*  o*  rfwaDm 

XCooMeionlfo) 

Sid  Err  of  Cool. 


RUNS 

SM64SfS 

7J006B41 

0JWt4ig* 

7 

S 


1S6J4340 

•.1S72S72 


Rogrooaion  OuSmC 

Comlw* 

StdbrofYEN 
RSauNOd 


S  STO  RWB 
4J3S1SM 


Dogpooo  of  Rroodofii 

XCoofMwdd) 

SUbrOfCoif. 


OMsian 

t1 

1* 


ISSBSTSt 

4J107SV7 
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FILE  A.C.H1 


date  vttm 


thallium  ANTKXJTE  STUDY 
peak  HEtOHT  WOMOHEET 

SAMPLE:  HEART 

OROUFS:  FB  OMFS  (TX  «  NO  1)0 


TICONC  (ppm) 


PEAK  HEIQKT  DATA 

PEAK  HT 

TC  1 

78.0 

784 

734 

040 

TC  2 

84J 

82.4 

048 

TC  3 

111.4 

084 

1024 

0.70 

TC  4 

74J 

80.2 

884 

77.1 

042 

TC  8 

78J 

714 

0.48 

TC  8 

78.8 

784 

042 

TC  7 

00.4 

0.40 

TC  • 

04.2 

82.8 

884 

0.48 

TC  8 

82.2 

824 

0.42 

TC10 

■■EX 

81  jO 

824 

884 

0.44 

80.4 

804 

044 

CC  2 

mg 

83J 

83.0 

047 

CC  3 

71.0 

88J) 

004 

0.47 

CC  4 

108J 

1014 

1044 

0.72 

CC  8 

84.4 

88.4 

804 

040 

CC  6 

S3.2 

884 

844 

047 

CC  7 

7S.4 

804 

704 

044 

\MHERE  y  -  AVBMQE  FEAK  HBQHr 

b  -  y  >  snERCEFT.  COMBMEO  RUNS 
m  -  SLOPE.  COMBMEO  RUNS 


Tt  CONC  -  (  y  -  b  )  /  m 


Z.6T 


BRAIN 


198 


PO^  A_A_BR1 


OATC  aovn 


THMJ-UM  ANTIOOnrE  81VJOV 

peak  heiokt  worksheet 

SAMPLE;  BRAIN 
OflOUfB;  PB  (TX  B  NO  'HQ 


199 


FILE  AABR1  THAUIUM  AMnDOTTE  SnjOY  DAtE  3»3/M 

PEAK  ►«<*«■  \«»K»IEET 

SAMPLE:  BRAIN 

OROUPS:  PB  (TX  B  NO  TX) 


•n 

PEAKHEIGons 

data  POtirs  FOR 

STDS 

LBfEAR  REORESSON  LME 

RUN1 

RUN2 

RUN3 

RUN1 

Rims 

RUN3 

0 

6 

0 

0 

4.4 

3.7 

2.0 

0.06 

64 

74 

6.4 

114 

104 

10.0 

0.10 

174 

104 

174 

184 

17.6 

17.0 

040 

804 

46.7 

484 

484 

484 

484 

040 

804 

70.4 

774 

724 

734 

734 

0.70 

104.4 

1064 

1004 

004 

1014 

101.0 

140 

131.6 

1364 

137.0 

1404 

1424 

1444 

R«gr«Mien  Output  RUN1 

Cenrtwit  4JeiS287 

SWEnefYEal  6.7864332 

RSqtwad  04664400 

No.  of  Ob— muBoni  7 

Ooya—  of  Froodom  6 


Rogro— Ion  Output  RUNS 

CofNtmt  24034042 

BtdErrefYEol  54368231 

RSquvod  0.001S761 

No.ofOb— t— ttOM  7 

Boy—  of  Ft— dcm  6 


XCoofIct— IW  13647063 

StdEirefCoM.  74680240 


XCoo6lci»nl»)  141.38723 

Bid  br  of  COM.  8.8272044 


Rogr— lonOu»ut  RUNS 

CotMbud  34816287 

StdEirafYEat  8.1036838 

R  Sep— Ml  04017824 

No.ofOb— nwboni  7 

Oogr— •ofRroodem  5 


38TDRUNS 

RagraoNen  Output  COMBINED 
CoMbud  34623846 

BtdbTofYM  84380704 

RSep— od  04003828 

No.efOboM— tioni  21 

Digr— oofFr— dam  10 


XCoaOletantfi)  13047063 

StdEnofCoM.  5.6604018 

StdEnofCoM.  8.6604018 


XCooHMontN)  13844203 

SWbtofCoof.  34000072 

StdErrofCOof.  34006672 
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file  A>_BR1 


date  vaam 


THMXJUM  AMIIOOTE  STUOV 
PEAK  tCIOHT  WOncSHOT 

SAMPLE:  BRAm 

OROUPS;  n  (TX  A  NO 


T1CONC  (ppm) 


PEAK  NEIOHr  DATA 

PEAK  HT 

TA  1 

4aj 

■jjM 

HPI! 

TA  2 

40.0 

42.1 

TA  3 

aa.o 

aa.7 

TA  4 

40.0 

40.2 

TA  S 

40.0 

40A 

TA  a 

80.2 

81.4 

80A 

TA  r 

41.4 

41A 

41.0 

TA  a 

31J 

37.4 

344 

TA  a 

48.0 

43A 

44.4 

TA10 

42J 

47.0 

444 

CA  1 

77J 

774 

CA  2 

7|ja 

714 

CA  3 

r 

7BA 

824 

CA  4 

r 

81J 

814 

CA  8 

r 

84.4 

844 

CA  a 

82J 

024 

CA  7 

71.4 

71J 

714 

'iXGPlf' 

TICONC 


WHERE  y  -  AVERAOE  PEAK  HBOHr 

b  •  y  -  BfTEfICePT.  COUWNEO  RUNS 
m  -  ILOPE,  COMB»an>  RUNS 


T1  CONC  -  (  y  -  b  )  /  m 


oeoeoeoooeoopooeo 


zoz 


RLE 


DATE  2B4/n 


THiaiUM  ANTIOOTE  STUDY 


nEAK  HEIOHT  WORKSHEET 
SAMTIE;  BRAIN 
aROUf>S.  OMPS  (DC  A  NO  IX) 


ni£  A.B.WI 


DATE  a/M/»3 


tHAaMM  ArnnOTE  STUDT 
KAK  HEIOKT  WOMKSMaET 

SAMTLE:  8RAW 

<MOUPS:  OMPS  A  NO  TX) 


D 

KAKHEiOHrS 

DATA  POOfTS  FOR 

STTDS 

UNEM  REQRESStON  UNE 

RUN1 

RUN2 

RUN3 

RUN1 

NUN2 

RUNS 

0 

0 

0 

0 

09 

99 

39 

009 

9.0 

9.2 

9.2 

14.4 

139 

129 

0.10 

22J 

23.2 

22.4 

239 

22.4 

212 

OJO 

70J 

979 

99.2 

B7.0 

999 

999 

OJO 

9SA 

82J 

94J 

919 

90.1 

909 

0.70 

129.2 

127i> 

130.2 

129.1 

1239 

1292 

lOu 

197.4 

199.1 

170J 

170.1 

174.7 

1772 

R«gr«wton  OutpO:  RUN1 

Conalwii  iMmet 

SWErt«(YE^  •J4347II4 

RSqiarad  OMSMSS 

No.  of  Oburvatfom  7 

of  Fraadom  S 


Wiptwlan  OuBwA:  RUNS 

CanaM  3J4S1»14 

•MBrrafYEal  4JMAM0 

RSduarad 

Na.ofmiaaiiaBw  7 

PagrtM  ef  Fraadawi  9 


XCaalHeitnl(s)  170.17279 

SUEnofCoaf.  0..<2Sa9a 


XCeaBUanlti)  m.4e863 

SWEnafCOif.  S.40iSMi 


Ragrawton  Output  RUN  2 
CanatM  9.4807990 

StdEirefYEat  7.0094404 

RSquMtad  Oj0009I97 

No.afObaaraaOona  7 

Dayaaa  af  ftaadow  9 


3  STD  RUNS 

HaoraaatenOu^  COMNNCD 

Canatmt  9^910990 

SMbrafYEat  7O192ra0 

R  Bquarad  09979109 

No.  af  OOaanaMem  21 

Oagraaa  ef  baadowi  19 


XCaafRdanlta)  19999212  X  CooKdanKa)  171.43490 

SWEttefCoaf.  7.7491403  StdbrofCoaf.  4.4229799 


DATE  V»*m 


ni£  AB8A1  THMJJUMANIIOaretTUOV 

KAK  HBOHT  WOnKBMXr 

SAMPLE;  MMN 

CROUPS:  OMPS  (TX  A  NO  TX) 


T1CONC  (ppm) 


P  CONC  ■  <y-b)/m 


y  «  AVBRAQE  PEAK  HBQHT 
b  -  y  -  MTERCEPT,  COMBMED  RUNS 
m  -  K.OPE,  OOMBMS}  RUNS 
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902 


! 
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1 

o 
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1 

I 
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o 

o 

M 

u. 

SrcaSKVSI^R 

8898898 

•  •  <80  KO  • 

SS9«8a«ff99 

dddodooood 

998S^S9 

d  d  d  d  d  d  d 

Ul 

It 

Q 

o  o  e  e  o  o  o 

1 

■ 

i|ilQ 

^lll 

et  M  M  n  <11  <«  «i  M  M  M 

MCtMMMMM 

1 

||s 

ll  ° 

qppCIQpQQ^p 

■ 

1 

4  “ 

Cl 

< 

s58S88;C;S; 

odooooopoo 

5^?8§p§ 

d  e  6  o  e  e  o 

i 

O 

9 

6 

h 

iSIIHiiSI 

8888888888 

SMIIH 

8888888 

1 

3 

gS  - 
s 

unmm 

8^88888888 

SISIIIS 

K888888 

1 

1 

eeeeespfff!(s 

«-  M  •»  V  M  «  K 

8888888 

i 

file  a_c_b«i 


date  *mm 


THmjjUM  ANTRXJTE  ITUOy 
PEAK  HEICHTWOWCatWET 

SAMPLE:  BiMN 

OROUPS;  PB  *■  OMPS  (IX  S  NO  TX) 


FILE  AC  W1  1HALUUMANTK>Cm!Sn«V  (MTE  VUm 

FCAKHEIGHT  WORKSHEET 

SAMPLE:  BRAIN 

QROUPS:  FB  *  0MP8  (TX  S  NO  IX) 


n 

PEAKHEIQKTS 

DATA  FOOrrs  FOR 

STDS 

LMEAR  REGMESStON  UNE 

RUNI 

RUN3 

RUNS 

RUNI 

RUNS 

mms 

0 

0 

0 

0 

94 

94 

94 

oso 

7J 

74 

94 

144 

144 

144 

0.10 

334 

344 

334 

334 

334 

334 

oso 

909 

94.4 

944 

944 

944 

93.9 

OJO 

914 

934 

900 

994 

994 

99.0 

0.70 

1394 

1394 

1344 

1194 

119.1 

1194 

14)0 

199.4 

1944 

183.4 

199.4 

1084 

193.4 

Btgrfimi  Oulpat  RUNI 

COMMM  •JttMSS 

3td&r«rYEsi  S^Sm 

RSqumd  OSKMIO 

Ne.«fObMn«liem  7 

D>grt—  0*  Fr— Sow  5 


.  .  Riyiwipn OiRput  RUNS 
CerHlwi  SJS10SM 

SWEltefYEM  M18S6S0 

RSoMrad  OJSSTIST 

Ne-ofOtoMnWian*  7 

of  FfooSofn  B 


XCoMBclwS(t)  1MS3101 

StdErrofCoM.  10M40W 


XCeMMw«(t)  158J0S81 

SMBroTCoor.  9J980S2S 


Ro^ooMon  OuSwt:  RUNE 

ConoMnl  SJSS2S7S 

StdErrofYEM  9^837007 

RSRMTtd  0S7V7999 

No.  of  ObooraoHont  7 

Oo900oof  FfooOom  9 


3  87T>  RUNS 


Rogroooion  Ou^Uk  COMHNED 

Comm  9j9«99170 

SMBrofYEM  ISafTS*? 

RSRUVod  09909743 

No.olOlmnMiowi  31 

Poyoo  of  BoiOoin  19 


XCoMneionItt)  189J0639  XCoo9Ww«(»)  109S3090 

SIdEnofCoof.  10.310099  SWBrotCoM.  SS797043 
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RLE  A.C.WI 


date  TOSM 


thaluum  A^^loaTC  viuoY 
n>AX  HEIOHT  MORKSHEET 

SAMPLE:  BRAIN 

OnoUPS;  PB-l-OMPS  (TX  S  NO  IX) 


TICONC  (ppm) 


Tl  CONC  «  (  y  -  b  )  /  m  RMDIE  y  «  AVBIAQE  PEAK  HEIOHr 

b  -  y  -  SITEnCEPT.  COMBMED  RUNS 
m  -  SLOPE.  COMBINED  RUNS 
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BLOOD 
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RLE  AA.BL1  THALUUM  AN110OTC  STUDY  DATE  iOtm 

PEAK  HEtaHT  WOSKSHOT 

SAMPLE:  BLOOD 

GROUPS;  PB  (TX  S  NO  -ng 


ra^  AABLI  7H«UJUMANTIOOTE8TUOV  date  mun 

re«C  HBQKT  WOWCSt«ET 

SAMPLE:  BLOOD 

GROUPS:  PB  (TX  4  NO  DQ 


T! 

PEAK  HEIGHTS 

DATAPOttCrSPOR 

sns 

LINEAR  KGKSSION  LtC 

RUN1 

RUN2 

nUN3 

RUN1 

RUN2 

RUN3 

0 

0 

0 

0 

1.4 

04 

-0.7 

0.08 

34 

8.4 

34 

84 

84 

84 

0.10 

134 

13.4 

124 

18.1 

18.1 

134 

0.30 

484 

484 

434 

424 

434 

424 

040 

784 

78.4 

78.4 

704 

714 

724 

0.70 

1024 

1044 

1084 

874 

1004 

101.0 

140 

130.7 

1374 

140.0 

1884 

142.7 

1444 

R«IRM*tan  OuM«*  RUN  1 
CoMlMit  1JSM0SB 

StdEnofYEat  SMOOWS 

R8(|uw«d  OSMSiaS 

No.a(ObMn«liani  7 

D«y— «  of  Praadem  8 


ItoQrMiNoii  OuliMt:  RUN3 

CafHMnl  -0487148 

SWBralYEat  34478822 

RSRiwad  04884803 

No*  of  OtocwMliofw  T 

Dayaaa  cl  Raadowi  8 


XCoaOieianl(i)  137.13448 

SWErrMCoal.  84821380 


XOumOrnMA  14848680 

SWBrelCeal.  34724884 


RagratMon  Output  RUN  2 
Coialwit  0.0324288 

StdEirMYEal  4.0408488 

RSuuwad  04881838 

No.  o(  Obaanwlieni  7 

Oagraao  of  Praadem  8 


SSTDMMS 

Ragmatan  Output  COMHNED 

CofWimI  04433817 

SMEdOfYEM  4.3888803 

RBguwad  04828802 

No.  of  ObaarwHem  21 

DogroaaofKoodom  10 


XCoaiManlft)  141.78340 

Std  Err  of  Goaf.  4.4104784 


XCoaOWardfi)  14148480 

SWBtofCoaf.  27488788 
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FSJE  A_A_BL1 


DATE  VHM 


■OMliUM  ANTIOOTC  STUDY 
PEAK  HEtOHT  WORKSHEET 

SAMPLE:  BLOOD 

CMOUPS:  PE  (TX  *  NO  TX) 


Tjnwr 

ID 

PEAK  HEtOHr  DATA 

avbmoe' 

PEAK  HT 

■TSI 

Bn 

77.9 

772 

B 

BcH 

72.4 

982 

89.0 

Kin 

4SB 

482 

402 

TA  4 

49.2 

812 

492 

TA  S 

94.0 

922 

92.4 

TA  e 

79.0 

792 

79.0 

TA  7 

70.4 

722 

712 

TA  S 

79.4 

722 

74.4 

TA  9 

94.0 

872 

902 

TA10 

49.2 

492 

49.1 

HHEE 

49.0 

48.1 

t7B 

982 

48Jt 

48.4 

42.0 

422 

402 

29.0 

792 

78.1 

BB 

80.0 

.... 

472 

49.7 

HE 

Tl  CONC  -  (  y  -  b  )  /  m  WH8IE  y  -  AVERAOE  PEAK  HBQHT 

b  -  y  >  NTERCEPT.  COMBMED  RUNS 
m  -  SLOPE.  OOMBMED  RUNS 
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RLE  A_8_BL1 


DATE  vzrm 


-THMJJUM  ANnOOTC  STVIOy 
PEAK  HEIOHT  WOWCSHEET 

SAMPLE;  &000 

QROUP8:  DMPS  (TX  A  NO  IX) 


FILE  AB.BL1 


THMJJUM  AMTUX7TE  SnJOV 
PEAK  HEICMT  WOWCSHOT 


DATE  VXtm 


SAMPLE:  ■.OOO 
GHOUPt:  OMPS  (TX  4  NO  TX) 


71 

STDS 

PEAKHEIOHTS 

DATAPOMFSPOA 

LMTAA  MOAPfiftinM  t  MP 

RUN1 

NUN2 

RUNS 

RUN1 

RUN2 

RUNS 

0 

0 

0 

0 

36 

96 

76 

0.06 

11.7 

196 

106 

156 

166 

146 

0.10 

246 

246 

236 

236 

226 

21.6 

060 

66.0 

866 

696 

82.4 

516 

60.7 

060 

79.4 

996 

916 

916 

906 

796 

0.70 

120.1 

1166 

1186 

1106 

1006 

1096 

1.00 

146.4 

143.4 

1416 

164.7 

1636 

1626 

fto^MSion  Output  WJN1 
CoimIhK  •J3S137S 

SWEnMYEN  aJSSSIW 

RSquvad  0J782BM 

No.  of  OttMrMiiani  7 

0«gr«M  of  Praadom  $ 


HaguMlnn  Output  NUNS 
CflfNiWd  TJMTTOSI 

SMbrctYEN  t.47312>0 

RSquwad  9M0m\ 

No  of  ObMf%olloiw  7 

Pagr— i  M  Pr— dom  S 


XCoNHeiMdN)  146^702 

StdErrefCoM.  10.40S4S1 


XCwdMMdti)  146.61961 

SWEffOlCgM.  6J466672 


Ragrawten  Output  RUN  2 
CpnMMd  9.2164042 

StdBrrMYEM  7S2062S1 

RS6Mf«d  06690943 

No.  MOtMMUMdleM  7 

Boy  —  of  Proodowi  6 


3  STD  RUNS 

RograMion  Output  COMBMED 

CoMMt  760(90760 

Sid  brat  YEN  7.7194902 

RSouVOd  06799910 

Ne.arOboarwMhm  21 

Do^om  of  ^^roodovn  19 


XCeoiloNnRa)  14660729 

SM  Err  of  Coot.  66999699 


XCaKSaUnMi)  146.71962 

SW  Err  of  Coot.  46611020 
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FILE  A_8.8L1 


OAtc  voita 


thallium  AMl»OTE  »niOV 
KAK  HEIGHT  MmOHOT 

SAMPLE:  BLOOD 

GROUPS:  DMPS  (IX  A  NO  TIQ 


T1CONC  (ppm) 


-mmjT 

10 

PEAK  HEIGHT  DATA 

AVBUdE 
PEAK  MT 

TB  1 

88.2 

814 

80.0 

mm 

TB  2 

80.8 

81.4 

814 

7B  % 

62.4 

834 

83.1 

TB  4 

90.0 

894 

894 

TB  8 

82.8 

814 

824 

TB  • 

84.0 

484 

61.4 

TB  7 

81.2 

484 

48.0 

TB  8 

84.0 

684 

694 

TB  9 

87.2 

684 

87.7 

TB10 

88.4 

894 

884 

CS  1 

82.0 

804 

81.1 

C8  2 

137.4 

1304 

138.7 

CB  3 

140.0 

140.9 

1404 

C8  4 

08J 

714 

894 

CB  8 

1114 

1114 

111.7 

0.71 

CB  6 

141.4 

1484 

1434 

CB  7 

1364 

1404 

1384 

■a 

T1  CONC  -  (  y  -  b  )  /  m  IMIBtE  y  >  AVERAGE  PEAK  HEIOKT 

b  >  y  -  NTERCEPT,  COMBWCO  RUNS 
m  -  SLOPE.  COMBINEO  RUNS 
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FILE;ABBU  THALUJM  ANHOOTE  STUDY  DATE  ANALYZED;  2/27/93 

Tl  ANALYSIS  WORKSHEET 


61Z 


CX)MMENTS 

DIED  DAY  4 

BLOOD 

TICONC 

(ug/mQ 

_ (HI _ 

u. 

O 

0.071 

0.073 

0.070 

0.112 

0.102 

0.000 

O.OSO 

0.060 

0.000 

0.070 

1.00 

1.73 

1.02 

0.04 

1.42 

1.00 

1.70 

TICONC 

SAMPLE 

ANALYZED 

(ug/ml) 

_ m _ 

0.36 

0.36 

0.36 

0.50 

0.51 

0.30 

0.20 

0.33 

0.34 

0.35 

0.50 

0.00 

0.91 

0.42 

0.71 

0.93 

0.09 

NET 

CONC 

FACTOR 

_ (Q _ 

H>ininioiAin«ou)iAiA 

S  S  S  8  S  S  8 

d  d  d  6  6  6  d 

Sg 

Cu 

52 

1  1  1  1  1  1  1  I  1  1 

N  M  M  N  OI  IN  CM 

INITIAL 

CONC 

FACTOR 

_ (Q) _ 

loioinioioiotoioiolo 

1  1  1  1  1  1  1 

VOLUME 

MIBKUSEO 

(mD 

_ (a _ 

o  o  o  o  o  o  o 

^  ^  ^  ^  ^  ^  ^ 

VOLUME 
BLOOD  USED 
(ml) 

(A) 

■ 

SAMPLE 

I  FORMULA 

■PH 

PUE  A_C_a.1 


date  tmm 


iHMiJUM  ANnoomE  snxjv 

KAK  HeOHT  WONKSHOT 

8AMPU;  BLOQO 

OROUPS:  PB  *  OMPS  (TX  4  NO  DQ 
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PEE  A_C_BL1 


date  taam 


thmxem  anitoote  stuov 

KAK  HEiOHr  WOWOHEET 
EAMPU:  ■XXX) 

QRoups  ;  PB  *  oun  (TX  A  NO  -nq 


ltoar«Mton  Output  PUNI 

CocwlMtf  SJB63404 

Std&rofYEN 

R  Squvud  0JMW10 

No.  of  ObMTVuliunt  7 

D«9«w  of  Froadem  S 


RtgrmlonOu^rib  RUNE 
CcralHit  4.ia0C723 

MBrorYEN  UJOZTtnz 

RSquwMl  0E7ESW1 

No.orcbMUuNtom  7 

Dayaou  of  Froodcm  b 


XCoaltoianM*)  147.00*72 

Std&rofCoat.  JJSrmgT 


XCaaOMwiKi)  14*422*7 

BMEtreTCoat.  •4040000 


RavaaNonOu^ut  RUN2 
Conatant  04013101 

StdEnePYEal  74004102 

R  Square  04000322 

No.  of  ObMmrttoni  7 

Dayaaa  of  ftaaOom  0 


3  STD  RUNS 


RayaaalonOU»ut  COMBINEO 

CanaiMO  44001773 

SWErralVEal  0.0101037 

RSqiMad  04*30102 

Na.afObaar«a4lana  21 

Dagraaa  of  Fraadom  10 


XCoaOieianl(a)  140.702S5 

SWErrafCoat.  7.700*100 


XCoaOWantfr)  1«4400* 

SWbrofCoaf.  44070070 
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FIE  A,C_BL1 


DATE  am/» 


IHAUJUM  AKnOOTE  STVJDY 
peak  HBOKT  WOfOOHCET 

SAMPLE;  BLOOD 

CROUPS:  PS  -f  DMPS  (TX  A  NO  OQ 


TICONC  (ppm) 


PEAK  HEIOKT  DATA 

AVBMQE 
PEAK  NT 

WFSU 

TC  1 

23E 

34.0 

2SS 

0.17 

7C  2 

42.8 

48j8 

44.1 

TC  3 

S2.2 

S3E 

82.7 

TC  4 

48.2 

44je 

48.4 

TC  S 

48.0 

48J 

4SA 

TC  6 

27E 

40E 

33J 

TC  7 

31E 

UJO 

34J 

TC  • 

34E 

28B 

31E 

0.18 

TC  8 

2SE 

Z7J 

2SE 

0.18 

TC10 

40E 

48E 

48E 

048 

5c~i 

131J 

128E 

130.7 

048 

CC  2 

TIE 

tOJO 

784 

0.48 

CC  3 

iOJO 

OSjO 

82J8 

043 

CC  4 

130E 

13E0 

1314 

048 

CC  5 

130.4 

140.4 

1384 

041 

CC  • 

118.0 

114A 

1184 

0.78 

CC  7 

108A 

_ 

101  w4 

- . 

100.1 

, , , 

048 

Tl  CONC  -  (  y  -  b  )  /  m  MMBIE  y  -  AVERAOE  PEAK  HBOKT 

b  >  y  -  BfTEIICEPT.  COMBMEO  RUNS 
m  •  SLOPE.  OOMBMEO  RUNS 
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FILE:ACB12  THALLIUM  ANTIDOTE  STUDY  DATE  ANALYZED;  2/28/93 

T1  ANALYSIS  WORKSHEET 


zzz 


COMMENTS 

DIED  DAY  4 

p|! 

ffl  p 

u. 

O 

dddddddddd 

1.70 
0.96 
1.06 

1.71 
1.63 
1.51 
1.36 

TICONC 

SAMPLE 

ANALYZED 

(ug/mO 

_ (G) _ 

0.17 

0.27 

0.33 

0.26 

0.30 

0.20 

0.21 

0.19 

0.16 

0.26 

0.65 

0.46 

0.53 

0.85 

0.91 

0.75 

0.66 

NET 

CONC 

FACTOR 

_ (0 _ 

loininininininioinio 

s  s  s  s  s  s  s 

6  d  d  d  b  6  6 

DILUTION 

FACTOR 

_ m _ 

1  1  1  I  1  I  1  1  1  1 

CM  CM  N  M  CM  CM  CM 

INITIAL 

CONC 

FACTOR 

(D) _ 

i  1  1  1  1  1  1 

VOLUME 
MIBK  USED 
(ml) 

m 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

o  o  o  o  o  o  o 

V  Mr  ’T  Mr  ^ 

VOLUME 
BLOOD  USED 
(mO 

(/« 

7.5 

7.5 

7.5 

7.5 

7.5 

7.5 

7.5 

7.5 

7.5 

7.5 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

SAMPLE 

1  FORMULA 

T-CMn^rmw^-coao 

CM  C^  'ir  lO  B)  N- 

8888888 

f 

a 

8 

3i 

8 


I 


Pa 


FBCB8 
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FILE  A_A_F1 


THMXUM  AKnOOTE  StUOY 
PEAK  HEiOHT 

SAMPLE:  FECES 


DATE  yi/n 


QflOUPS:  PS  (TX  A  NO  T}g 


nu  AAF1  THAU.MMANTUX3TCSTUDY  DATE  VI/63 

PEAK  »«IQHT  WOnnSMfET 

SAMPLE;  FECES 

OHOUPS;  PS  (Tx  A  NO  -ng 


•n 

PEAKHEICKTS 

OATAPCMNTSPOR 

STDS 

UNEAR  REQRESSION  UNE 

RUN1 

RUN2 

RUN3 

RUN1 

RUN2 

RUN3 

0 

0 

0 

0 

4.7 

40 

30 

0.05 

7.0 

70 

70 

120 

120 

110 

0.10 

100 

200 

100 

10.7 

20.1 

10.1 

000 

600 

000 

890 

400 

600 

400 

0.80 

00.0 

000 

040 

700 

61.0 

000 

0.70 

1000 

1100 

1110 

1100 

111.4 

1110 

1.00 

140.3 

181.7 

1530 

1560 

157.1 

1570 

ItograMtenOiilput:  RUN1 

CwwMt  ASSTOSM 

SM  Err  MY  EM  7.0S67S34 

R  Sqtar«d  0.M706S4 

No.  M  ObMr¥ilk)m  7 

Dogroo*  M  Froodom  • 


Ro^oaMonOuMut  RUNS 
CoMtanl  3.7sasaio 

SMErrMYEM  4.6079727 

RSquwod  00044419 

Un  nf  fltiMTciInf  7 

Boy  M  Froadowi  9 


XCoMIWmiKi)  1B0.92S51 

SidErrMCoM.  7.7091223 


XC09llMM«(t)  15300090 

SUBrMCoM.  5.1277010 


RagroMtan  Output:  RUN  2 

ConaMM  4.0700510 

StdErrotYEM  00940233 

R  SRUvad  0.0006005 

No.ofObaar>«5or«  7 

Oagraaa  M  Praadom  5 


3STDRUNS 

Ragtaaalow  Output  COMBINED 
CmnMiiI  4.4442563 

StderolYEM  5.4900026 

RSquMad  0.0003204 

No.olOSaaryMiem  21 

Dayaaa  at  Praadom  10 


XCoatHeianl^)  162.20000 

StdErralCaat.  90479062 


XCaaOWantta)  162.03404 

SMErrotCaM.  3.4499702 
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FILE  A  A  F1  THALLIUM  AMTIOOTE  STUDY  DATE  3/t/aa 

PEAK  HEtOHT  WOKKSHEET 

SAMPLE:  FECES 

OROUPS:  PB  (TX  S  NO  TJg 


PEAK  HEtOHT  DATA 

AVBifSr 
PEAK  HT 

TA  1 

73.2 

73.0 

78.1 

tm 

TA  2 

33.4 

30.4 

TA  3 

30.0 

70.0 

TA  4 

40.4 

toa 

40.3 

TA  S 

S7J 

30.3 

83.7 

TA  6 

67.2 

80.3 

684 

TA  7 

30J 

334) 

870 

TA  S 

87.2 

30.4 

830 

^^^E¥rj 

TA  • 

80J 

30.0 

80.0 

^^^ETil 

TA10 

00.4 

87J 

83.3 

HHEd 

CA  1 

31.2 

30.0 

30.3 

007 

CA  2 

43J 

43.0 

007 

CA  3 

31J 

310 

007 

CA  4 

32.0 

32.3 

003 

CA  S 

83.0 

83.0 

003 

CA  e 

80.0 

47.6 

003 

CA  7 

mtm 

730 

780 

0.47 

Tl  CONC  -  (  y  -  b  )  /  m  WHERE  y  -  AVERAGE  PEAK  HEtOKT 

b  -  y  -  S4TERCEPT.  OObHMNEO  RUNS 
m  -  SLOPE.  COMBtCO  RUNS 
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DATE  WET  ASHED:  2/2S/M  THALLIUM  ANTCOTE  STUDY  OATC  ANALYZED:  3/1/B3 

WET  ASH  DATA  WORKSHEET 

FILE:  A  A  F2  PATH;  c:VtMla\lo«ua2  3 

TISSUE  TYPE:  FECES  •:UQUji 


A  B  FI 


THALLIUM  ANTUXTTE  STUDY 
PEAK  HEICKT  VFORKSHEET 

SAMPLE:  FECES 

OROUPS:  Dlum  (TX  A  NO  1)0 


DATE  3/2/B3 
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FILE  A  B  FI 


THMXIUM  ANDOOTE  8T\X>V 
PEAK  HEIQKT  WOWCBHST 


DATE 


SAMPLE:  FECES 
CROUPS:  DMPS  (IX  *  NO  IX) 


T1 

PEAKHEIQHTS 

DATA  PO»(TS  FOR 

STDS 

LINEAR  REGRESSION  L»C 

RUNI 

RUN2 

RUNS 

RUNI 

RUN  2 

RUNS 

0 

0 

0 

0 

3.6 

3.0 

25 

0.05 

7.6 

6.6 

55 

115 

10.6 

6.4 

0.10 

16.4 

17,5 

17.0 

16.0 

15.2 

10.5 

050 

54.5 

53.0 

47.5 

465 

475 

45.0 

0.50 

56.0 

55.0 

60.4 

76.4 

76.5 

735 

0.70 

110.0 

1065 

103.4 

106.5 

106.1 

102.0 

1.00 

146.6 

144.5 

136.7 

154.6 

150.1 

1445 

RagrtMion  OuSiut:  HUN  1 

Coiwiwit  3.S2W14S 

StdErrofYEst  5.1041U0 

RSquwad  0.9032403 

No.ofObMrvationa  7 

Dagraa*  efi  Fraadom  S 


Ragraaaton  Output  RUN  3 
CoMlant  22m%4» 

StdBrefYEM  45732652 

RSquwad  6.9636044 

No.efObaar«Bgna  7 

Dayaaa  c(  Fraadom  5 


X  Coa«lieiant(a)  151 .01531 

StdErrefCaat.  5.5714655 


XCoallWacd(i)  142.53531 

SIdEnafCoat.  4.9616643 


RUN  2 
3.5606106 
5.6451534 
0J612328 
7 
5 

X  Caaffieiantta)  14650506 

Std  &r  of  Coat.  6.1620205 


3  STD  RUNS 
COMBNEO 
35354465 
5.1757206 
0.6606516 
21 
16 

XCoatBeiaiit(a)  146.55624 

SWErtofCoaf.  35636752 


Ragraaaton  Output 

Conatanl 

StdErrotYEal 

RSquwad 

No.  M  ObaarMtieia 

Dagraaa  ot  Fraadom 


Ragraaaloci  Output 

ConaMnt 
StdErrotYEal 
RSquarod 
No.rfObaat>adtena 
Dotraaa  of  Fraadom 
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FlUE  A  B  FI 


DATE  VSm 


TMMJJUM  ANHOOTE  STUDV 
PEAK  HEIGHT  WOmCSHOT 

SAMP.E:  FECES 

GROUPS:  0MP8  (TX  A  NO  TX) 


TICONC  (ppm) 


SAMPLE 

ID 

PEAK  HEIGHT  DATA 

AVERAGE 
PEAK  HT 

mfSM 

TB  1 

97.4 

994 

97.1 

047 

TB  2 

9e.a 

974 

994 

049 

TB  3 

92.0 

904 

91.1 

043 

TB  4 

9a.s 

99.0 

99.4 

049 

TB  9 

44.2 

414 

42.7 

047 

TB  « 

94.4 

994 

91.9 

0.40 

TB  7 

99.0 

994 

994 

049 

TB  • 

49« 

44.0 

49.4 

040 

TB  0 

33.4 

394 

344 

041 

TB10 

344 

324 

334 

041 

CB  1 

404 

934 

91.7 

CB  2 

994 

714 

CB  3 

494 

914 

CB  4 

70.9 

72.0 

0.49 

CB  9 

414 

464 

040 

CB  a 

734 

72.9 

0.47 

CB  7 

724 

724 

HI 

BH 

IBhi 

0.47 

Tl  CONC  «  (  y  -  b  )  /  m  WHBIE  y  -  AVERAGE  PEAK  HEIGHT 

b  -  y  -  NTEIUEPT,  COMBBCO  RUNS 
m  >  SLOPE.  COMBMEO  RUNS 
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f  A  C  F1 


THMIJUM  ANTIOOTE  STUDY 
PEAK  HEIOKT  WORKSHEET 

SAMPLE:  PECES 


DATE  Wn 


DROUPS:  PS  *  OMPS  (TX  A  MO  TX) 


M:Tl7nM 

■feSH 

PEAK  HEIOHr  DATA 

-fmxss 

PEAKHT 

WIKtM'mi 

0 

04 

0.0 

0.0 

0.10 

144 

144 

040 

374 

37.0 

040 

00.0 

00.0 

0.70 

lOOJ 

1004 

1.00 

13S.4 

1304 

137.1 

RUNS 
T18TDB 
.  (ppm) 

PEAK  HEKlHr  DATA 

8LK 

0 

04 

0.00 

04 

04 

0.1 

124 

124 

04 

47.4 

47.4 

04 

77.4 

77.4 

0.7 

M.0 

904 

1.00 

1334 

13P4 

-  -  -  - 

131.7 

PEAK  HEIGOfT  DATA 

AVBHQE 

PEAKKT 

0 

0.0 

0.00 

2.4 

2.4 

0.1 

134 

134 

04 

404 

404 

04 

03.0 

024 

0.7 

104.0 

104.0 

1.00 

133.0 

130.4 

1344 

nUE  AC  FI  THMJJUMAMnOCrrESTUOV  DATE  «tWW 

PEAK  WEIOKT  WOWOHEET 

SAMPLE;  FECES 

GROUPS;  PB  4  OMPS  (TX  A  NO  7)0 


D 

PEAK  HEIGHTS 

DATA  POPITS  FOR 

STDS 

LMEAR  REORESSKSN  L04E 

RUN1 

RUN2 

RUN3 

RUN1 

RUN2 

RUN3 

0 

0 

0 

0 

0.7 

1.7 

1.1 

0.05 

0.0 

54 

2.4 

74 

04 

04 

0.10 

144 

124 

134 

15.1 

10.4 

154 

040 

374 

474 

404 

434 

424 

434 

040 

05.0 

77.4 

02.0 

72.7 

004 

714 

0.70 

1004 

004 

1044 

1014 

07.0 

1004 

1.00 

137.1 

131.7 

134.2 

144.0 

137.0 

142.7 

R«Or«MNn  Output  RUN1 
Contlmt  0.S7S2785 

StdErrotYEN  7J0(ee47 

RSqmrad  0JS40BSS 

No.  M  OPaarvaSom  7 

Da^oaa  ol  PraaPom  5 


Ragraaaion  Output  RUNS 
CoiMtMtl  1.U22S78 

SMEtrofYEat  BMSSSZS 

RSqiMrad  0SSS7tt1 

No.MObaarwaltcni  7 

Dayaaa  *t  frmdont  e 


X  Coallieiant(a)  144.13021 

Std  Err  ot  Coat.  S.ioaaooo 


XCoalloiant(B)  141^0030 

Std  Enr  of  Coat.  7A043770 


Ragraaaton  Outpd:  RUN  2 

Conalant  1.7400SB1 

StdEntolYEal  SA22002S 

RSquarad  0.0006310 

No.orObaanaOom  7 

Dagaaa  ot  Fraadom  5 


3  STD  RUNS 

RaoraaalenOu^  COMBINED 

Conalwil  1.1002100 

SUbrolYEat  0.1317310 

R  Squwad  0.00B0S22 

No.elObaan«llonB  21 

Dayaaa  ct  ftaadom  10 


XCoaOielaaKt)  130.10460  XCoaiWanKa}  14040700 

Std&retCoat.  54103003  StdEnetCoat.  34042700 
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FILE  A  C  FI 


THMliUM  ANItOOTE  STUmr 
n£AK  HEiOHr  WOWOHEET 


DATE  Wta 


SAMPLE;  FECES 

OnOUFS:  FB  *  0MP8  (TX  A  NO  IX) 


TICONC  (ppm) 


10 

PEAK  HEIGHT  DATA 

AVBMOE 
FEAK  HT 

IB^5H 

TC  1 

102.2 

101.0 

101.9 

0.71 

TC  2 

09.0 

90.0 

902 

0.70 

7C  3 

94.2 

93.2 

93.7 

029 

TC  4 

10S.2 

100S 

109.4 

0.74 

TC  6 

124.2 

120.2 

1292 

029 

TC  e 

190A 

124.4 

1202 

029 

TC  7 

107B 

100.2 

1002 

0.79 

TC  S 

90.0 

94.4 

027 

TC  9 

90.2 

97.0 

0.09 

TC10 

90.0 

902 

0.99 

CC  1 

49« 

492 

■■Kill 

CC  2 

40.4 

432 

CC  3 

4SjO 

492 

CC  4 

72.0 

712 

71.7 

CC  S 

99.2 

092 

07.7 

CC  6 

49.2 

442 

40.1 

CC  7 

00.0 

902 

mtm 

T)  CONC  -  (  y  -  b  )  /  m  EMERE  y  -  AV8MQE  FEAK  HEIOHr 

b  -  y  -  MIERCEFT.  COMBMED  RUNS 
m  -  SLOPE.  COMBMED  RUNS 
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